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REGRESSIONS OF PHYSICAL PROPERTIES ON THE 
COMPOSITIONS OF CLINOPYROXENES 
I. LATTICE CONSTANTS 
HORACE WINCHELL and ROBERT TILLING 
Department of Geology, Yale University, New Haven, Connecticut 


ABSTRACI The compositions of clinopyroxene re sented by nine variables that 
ferred to the formula ABC.O.. as foll Re (Al, Fe’”’, Ti)», 

(M X4 (Fe, Mn),. x (Ca). , Fe (Fe, Mn)», 
(Meg),, (Na, K)a: among these the last four (xe . . x0) are considered de- 
t ul s by reasons of space-availability and valence. Regressions of the 
ind & have been calculated by least squares for 12 specimens of 

the system diopside-hedenbergite-clinoenstatite-clinohypersthene- 

onite-augite published by various authors between 1949 and 1956, The 
naximum erence between observed and calculated values of the linear constants is 
.011 angstro of the angular constant, 18 minutes of are. The standard errors for these 
gressions are 0.0085, 0.0098, 0.0083 A. for a, b, and c, and 12 minutes for 4, respec- 
tively. More data are needed to test those regressions and improve them, but the evidence 
clinopyroxene system can be represented by such _ linear 


INTRODUCTION 

Graphical methods are well established in the mineralogical literature 
dealing with the relations between chemical composition and physical proper- 
ties such as lattice and optical constants, and specific gravity, but few attempts 
have been made to elucidate such relations in generalized systems where more 
than two or three independent variables can be considered, Variation dia- 
‘rams relating optical properties and chemical composition are very well 
known. Troeger (1956) and Winchell and Winchell (1951) gave extended 
summaries of such diagrams, and more are being published every year. Similar 


diagrams may be used to relate lattice constants to composition; a few are 
| 


riven by Winchell and Winchell, and more of this type also are being published 
every year (e.g.. Donnay. et al.. 1959). 
(Attempts to include more than two independent variables of composition 


rraphical solutions have had varying success, especially for systems involv- 


ing few physical constants and more chemical variables; in such instances 


it may be convenient to plot the physical measurements along the coordinate 
axes and show the overlapping fields representing chemical compositions that 
orrespond to given sets of physical constants (Ford, 1915; Winchell, 1958). 
Mertie (1949) described methods for charting five or six variables in the 
bounding tetrahedra and triangles of an n-dimensional hypertetrahedron, but 


we know of no published example of the use of his methods. 


ACKNOWLEDGMENTS 


We acknowledge with sincere thanks the work of members of the ad- 
vanced mineralogy class of 1958-59 at Yale University, for their efforts in 


929 


ns of Physical Prope rties 


essor Alan T, James of 


1 interpre tation ol 


spent many hours with a desk 


irried out, and all results were 
le University ¢ ompul 

IBM 650 digita 

M. Brown o 

d to Professor 


the 


minera 
W 


ormulas 


may 


miner 


thout 


regression, and onl 
than thei 
tory result may bi 
1] 
yroxenes without much alkal 


cle parture ol 


that 
are well know! 


relerences on statisti Est 


Pro{ the |): 
Mathema she lable to US the 
sults lis One of us (R.7.) 
i 195 ta I 
era no 
Center, us Harold 
ks. W 
() 
H.H some significant improvements 
mmonly used i cal and 
i f thie — min 
systems, [he t re ven by linear [_—_</,,:, such as 
el S 
I eq \ | i pseud 
enel adesienatl wh 
f il ¢ ( neerned with each term of the sur 
egression, If we are interested in sever 
( 1s retractive dices. et 
i le e sel equations 1s represented by tl 
il I! Cis not ot the d 
Ly er percentages and weight reentages 
| or it x etc.. iv 
elation of »x;. but for many mammals 
] ente of these | sher wwers of x il 
Henriques (19 egr efficients for 2V and fe 
| opyroxene using 1] chem 
es and ndependent vat ihles: only 8 or 9 
d 
) sa COVE noy 
| 1958; Acton, 19 (her 


the ( ompositions of ( linopy roxenes 1, Lattice Constants 


rit 


standard deviations of the regression coefficients b 


are also 
‘multiple coefficient of determination.” R*, as well as other 
used for measuring the general significance of the regression: 
R 1. and the closer it 
dered. 


is to unity, the better the regres- 


| 
nopyroxenes, ABC.O,, recast as atoms per 6000 oxygen. 


mment to formula-positions A, B, C, and symbols x 


used in ¢ omputation 


29” 2904 


1906 1956 2POOO 1902 1990 2000 


3982 


ot 


Kuno ind Hess, 


ndacks, N, Y, (Hess, 1949 
no, Japan (H Kuno, 1955, 
1955, no, 15); 247, Sub 
1955, no, 9) 244, Augite, 
Colton, t. Lawrence Co 
Augite, | iva Volcano, 
ino, Japan (Kuno and Naga 
wenstatite, synthetic, “trom 
de, Rhum, Inne Hebrides 
Johan: 


REGRESSIONS IN MINERAL SYSTEMS 


950) described the use of partial regression equations in relating 


f mineral systems to their chemical compositions, and 


ork by means of a ected superior data on the antho- 


sel ol <el 


531 
mates s 
the 
statistics in be 
jualitatively, U 
Analysis number 
= | 66 242 250 247 244 233 246 #1381 Ee 
1990 1851 1930 1903 191] 1986 
ALC 149 ) 14 18 0 10 0) 
\ | 4 li) 65 0 19 0 0 0 
B QI7 932 D6 1000 49 60 
} ) 0 ) 4 ) ( 0 0 +4 
\I R ) ) 0 ) ) ) ) 0) 0 0 Q 898 
\ ) ) ) ) 1000 1? 0 
} \ ) fi) 1,9 19 113 
\ fy ) ) ) 14 18 } ) 
\ ( ) 4 } ) ] 
> ) ML 4024 3976 4027 4011 4001 4035 4030 SHB 3985 4026 
\ npu es ere presel VS eca on basis SE, instead 
A000 0 on 
| { 
Hedenbergite, Herault, Calif. (Hes, 199, 
bb, | Sa Whiteface Anorthosite, Ad 
K Hess, 1953, )); 242, Salite, Taga Vo 
Hakone Volcano, Japan (Ku 
\ \l vama Crater, O-sima, Japan (Kuno 
H \ Japan (Kuno, 1955, no. 5); 283, Diops 
N.Y. (H M9, no Kuno, 1955, table 6): 245, Pige 
k 6): 181, Pigeonite, Hakone Vo 
Kuno and Hess, 1953, no, 2); 292, ( 
W. R (kK 1 Hess, 1953, no. 1) Dio 
R ) ladeite. Cloverdale. Calif. (Wolfe. 195) 
( \ | (Schiavinato, 1953) 
Ney | | 
rt 


ressions of Physical Properties 


he 
1954: 1956) and Henriques (1958a 
if ortho-, and 


the ethod stud the optical properties 
ethad son other aleebrai analytic al method, seem 
lating the rel itionships between physi al 

; lex systems. As Hey pointed out, the least 

: = hemical data are not particularly well 

that would most likely give an observed 

com 


use 


Ow! 


vached however, if we 


| 


eis apy 
ii data ta ly close to those ol the 
I i sical data that would be expected Iron 
¢ es | dat | 1S kely to hye necessary anyway 
Use ere e us ! é emical than physical variables, which 
f lew equations ha r more than a 
} if ite situa nn indeed 
t t re essions may be exp ed usil 
ed € ( stem with two variates X ind y. If vy is 
ited Ss «le mula expressin the regre ol 
d b are constants that define a line 
de tion of the calculated y, measured 
f the scatter of the plotted points 
f | j for finding the most probable value ol 
‘ ‘ shows the component instead of the 
and dy both pass 
) to the meat ol all the 
{Te s| ype because each treats the 
mean as due niy im pa 
he other part (s s due t 
ependent variable. Thus the two lines 
il nd co neident only if s 
ess eri helor ring to \ that ol 
treating the data as il both x 
involved, For the present pl yblen 
ea en variables is il they ere neglige 
iris t itriables): this treatment secure 
thime " | I eca e there are more ¢ hemical than phys 
ifte drast mplifications that we make in 
i ents t nore abundant ones that presumably 
= ae ~ proper! 
era i pet vork there is ordinarily external ey 
es I ! lacies, ele on which to hase a pre 
il 1 il s x. so that « ilculated \ ilues of the 
ed priort lor comparison with the ob 
el s cal properly he used in makin 
I nt the n ralo il facts in the as 
int erro! should he 


on the Compositions of Clinopyroxenes 1, Lattice Constants 


considered later on the basis of more data. 

The assumption of normal distribution of the variables about their re- 
spective means, required in regression theory, is perhaps not valid for min- 
eralogical systems, but this seems to be not very critical (Acton, 1959, chapte1 


DATA AND RESULTS 


There appear to be only 11 analyzed specimens of ordinary clinopyroxene, 
plus one jadeite and one johannsenite, that have been studied by x-ray methods 
to determine with assurance the unit cell constants of the actually analyzed 
material, Optical data for these are also available, A few others have been 
rejected because of doubtful identity of the material analyzed with that studied 
physically, The 13 specimens thus selected are listed in table 1, together with 
their analyses, recast in the form of numbers of metal atoms relative to 6000 


XVeeI These relative numbers of atoms are distributed acc ording to the order 
of increasing ionic radius in the positions C, B, and A, of the pyroxene formula 


ABC.O,. We thus assume a completely ordered distribution of the elements in 


hese positions even though that is known to be partially untrue for pyroxenes 


crystallized at high temperatures, It is another of our simplifying assumptions 
that need further data for investigation. 


For calculating regression constants it is necessary to have “independent 


variables x that are not linearly related to one another. In the present system 
some of the chemical variables are obviously so related, Thus the sum of the 
itoms in position C is exactly 2; that for position B is 1, and that for A should 
be | but fact is not: moreover. the sum of the valences of all atoms A, B, 
ind C. is exactly 12 to balance the assumed 6 oxygens. Because the sum of 
Si), \ Fe’). is limited to two by the crystal structure expressed in 


the formula ABC.O,, we must reject one of these components as dependent 
ipon the others, Also, ferric iron and Ti are minor components, and because 
eir sizes and charge are nearly the same as those of Al, they are grouped 
th Al in table 1: similarly, several others of the fifteen composition-com- 
ponents in the same table have been grouped, reducing the number to 9. Five 


of these may be selec ted in several Ways as the independent variables to be used 


) the regressions, The five actually selected are designated by the x, (x,. xo. 


ete.) in the left column of table 1, Except for a small error introduced by 
rrouping tetray ilent Ti with trivalent (Al.Fe),. the number of B and C spaces 


wailable plus the requirement of electrical neutrality plus the numerical values 


of the x; may be combined to determine uniquely the amounts of each cation- 
oup shown in brackets in table 1. The error due to tetravalent Ti grouped 


with trivalent elements would be smaller if some of the Ti is actually trivalent. 


This error and the deviation from 2. of the tota 


disregarded 


number of atoms in A, are 


The phys cal constants vy, of the same spec imens are given in table 2. and 


he regression coeflicients b,, relating the lattice constants y, to the chemical 
components X ire given, together with standard deviations s of b;,. and Sp 
of the regressions. and certain statistics for evaluating reliability, in tables 3. 


| nd 5, The ordinary lattice constants abcB given in table 2 were used to 
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compute the translation a’[ 101] and the angle c:a’ for comparisons, By 
using the homogeneous set abca’ we hoped that more useful comparisons would 
be possible than with the conventional set abe8. This hope was not justified by 
the results, The length of a’[ 101] is nearly equal to that of the usual axis a, 
and in working with x-ray powder data the two can be confused, It is there- 
fore expedient to quote the data for a’[ 101] even though their accuracy is of 


a lower order. The spacing d( 100) asin B probably would have been more 


useful 


lable 3 contains two sections which illustrate the smallness of changes 
produced by an increase of 10 percent in the amount of data—one section 
based upon the first 11 (“ordinary”) clinopyroxenes, and the other (computed 
before analysis 326 was available) based upon only the first 10. The differences 
between corresponding coeflicients in these tables are well within the estimated 
standard deviations in all cases, and we conclude that the addition of analysis 
26 produced only a small improvement in our confidence in the results ob- 
tained, without significantly changing any of the results. 

The johannsenite analysis, no, 294, seems to be less reliable than the 
others, both from its author’s discussion, and from a regression study using it. 


lhe impurities reported by the author make it impossible to recast this analysis 


on the same basis as the others without very dubious assumptions, The basis 
tually tried (Si 2000) gives results inconsistent with those of the othe 


at 
12 analyses. and the johannsenite was reluctantly discarded, Proper use of it 


requires an additional variable, xg, to represent Mn, and may therefore be un- 
desirable in a study using so few data. 

lables 4 and 5 contain data based on the 12 analyses in tables 1 and 2, 
excluding only the johannsenite, no, 294. In table 4 the b;,. describing the ef- 
fects of Si),. seem to have rather too large standard errors s,,. We therefore 
eliminated Si), as a significant independent variable for estimating a, c, and 8 

note starred entries in table 4), to determine whether improved relations can 
be obtained with one less x. The sp. R,*. and F-ratios thus obtained do not in- 
dicate much improvement, but at the same time, most of the individual regres- 
sion constants b,, have somewhat smaller standard errors s,,, and consequently 
larger (better) t-ratios. It seems therefore probable that such elimination is 
desirable, and the constants in table 5 are presented as probably the best all 
inclusive set now available for estimating lattice constants of clinopyroxenes 
containing significant amounts of the jadeite component, These data are not 
to be used for acmiti pvyroxenes, Table » on the other hand, is probably 
slightly better for “ordinary” non-sodic clinopyroxenes. Certainly much greater 
confidence would he possible if a greater number, and a greater range. of 
inalyses could be incorporated into the data. 

Table 6 contains the residuals [y(obs.) yicale.) ], or differences be 
tween observed and estimated values of the cell constants for the relevant 
analyses, Generally good predictions are possible for all cell constants except 
a’ and B’, and the suspicion is inescapable that these exceptional ones must 
have greater errors in table 2 than the other cell constants abcB. The same 
suspicion is of course evident from an inspection of the estimated standard 
deviations s, in tables 3, 4, and 5. 
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DISCUSSION 


The regression coefficients b;, in tables 3, 4, and 5 represent the amount 
of increase in the physical properties Vp for unit increase in the corresponding 
chemical components x;. Thus for example we may calculate from by» in table 
> the increase to be expected in axis b that would correspond to an increase of 
10 percent (= 0.10) in the amount of octahedrally coordinated Mg as follows: 
(Increase in ys) (Increase in (—0.123- (0.100), In other 
words, increasing the Mg), would decrease the axis b by 0.0123. 

If interested in the effect of Fe’) . we must first express this component 
in terms of the independent variables x;— in this case Fe) » 1 — x. — x3. But 
the Fe’), could not replace metals designated by x. without corresponding 
valence adjustments elsewhere, and as these are excluded by our question about 
the effect of increasing [only] Fe”’)s, we can take Fe”), I-x,, so that a 
change in Fe”), corresponds to an equal change of the opposite sign in Mg), 

x,. and its effect is computed ac cordingly. 
The regression equations are all symbolized at the top of table 3 by the 


eneral formulas Yp = + s 


which may be partially expanded as follows: 


\ bo bipXy 
where y, represents in turn each of the lattice constants a, b, c, a’, B, and p’ 


is defined in table 2, the b;, are constants from tables 3, 4, or 5, and the x 
represent the relative numbers of certain metal atoms ner six (not 6000) 
oxygen as defined in table 1, In every case the most probable value is y 
Sb\,x;. and s, can be used with certain other data to set limits on y, as ¥ 
\ \ 
Example 1.—Estimate the c-axis of a hypothetical clinopyroxene Ca( Mg ;,Fe” 

SiO » use regression constants from table 3 because there is no Na 
present. The appropriate y, is y ce: we use the coefficients b\., to write out 
the expanded equation for y, as follows: 

( \ 5.350 — 0.071x, + 0.007x 0.019x 0.052x, + 0.058x;. 

he composition-variables are x Si), 2.000, x (Al. Fe”. Ti)» 

0.000, x Me), 0.750. x, (Fe” Mn) 0.000 [not 0.75]. x Ca), 


1.000, Substitution in the above equation vields the result. « te 

I vample 2 Present graphic ally the value of b so as to show the influence of 
the substitution of Al + Al for (Mg.Fe’”) Si in the diopside-hedenbergite 
series, Ca( Mg.Fe”’)Si.O,. For convenience we may let u amount of substi- 
tution of Al for (Me.Fe”’) and for Si, and \ the ratio of Fe” to (Fe’+™Me). 
The lack of any terms in the second degree in the x’s in our regression equa- 
tions indicates that the lines should be straight. but we calculate a third point 
on one of the lines to help check the arithmetic, In this case we are concerned 
with y bh, and we obtain from table 3 the coefficients of the x’s for the re- 
rression equation, 

b 8.348 + 0.294x 0.033x 0.108x 0.160x, + 0.095x 
We tabulate the x’s for strategic values of u and v. and substitute in the regres- 


sion equation to obtain the corresponding values of b. 


8.923 
8.977 
9.031 
8.90] 
8.998 
8.879 


8.966 


[he first three rows ol \ d the points along the top line (u 0) of 


figure 1; the next two determine » second line (u .l): and the last two 


determine the lowest li ’ of the figure. Similar diagrams can be 
plotted for other combinations o » independent variables, but no two- 
dime: sional di igram 1 \ \ how the Variations of the st veral v's in 
terms of all five independ ; 

Standard deviations of t veral variables are estimated and recorded 
opposite the symbols s . ndard deviation of b,,: s, is that of the 
regression as a whole. | ds, are tl oot-mean-square deviations of the 
several ind y's from t spective means, X and y. The ratio of any 
quantity q to its ow! ! ! le ion, s, is called Student’s ratio 
and designated t. Statistica it Fisher, 1958: Acton, 1959) gen- 
erally contain descriptions of | if Student's ratio to estimate whether a 
quantity is s onificantly lere from zero, The meaning of “significantly” in 
this statement can be en precist it may be taken in terms ol probability 
that the quantity b m should not (or should) be set equal to 

For our problems, st d t show that we will be right at least 
two-thirds of the time Lee nificantly different from zero those 
quantities q for wl eci lly, we accept b,,, if bi),/s 
A comm yniv ised I el | where, howevel would risk 
rather too frequent 1 leant | wi » by 2. which 
for the 5 to 7 degre edor problem would require significance in 
the | ibout 9O percent ou ill the times we might try the experiment, 

ing the t-test a ring t 1. we reject the starred b,, in 
1 and recompute t ffected regressions only, obtaining the simpler, and 
same time s ht ed , ) shown in table 5, where x 
i) is disregarded a ' » effect on a. c. and B (p 1. 3. and 5). The 
improvement is noted ern f reased t-ratios or in decreased s 
it is also apparent n terms of the decreased residuals shown 
in table 6 for the « 
ESSIONS 

We have already ind ted neral terms the specific uses of the regres- 
sions here developed 1956) ussed this matter in reference to or- 
thoamphiboles, and ther rally le be added. We summarize the uses 
of our regressions as 

1. Estimati he u stants of clinopyroxenes 
xenes, without large amounts of jadeite, 


innsenite components, will best use the re- 


mtaining substantial amounts of jadeite- 


42 H. Winche ind hk. | Regressions of Physical Prope rties 
) 
] 
b. ( 
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component should be studied using the regression con- 
stants of table 5. 
c. Long extrapolations into the fields representing high-acmite, 
or high-johannsenite varieties are not to be relied upon. 
2. Estimating compositions that could produce a given set of lattice 
constants. 
his is best performed by preliminary reference to table 2, to 
pick a composition that gives reasonably good agreement, 
followed by a study of changes that would change the lat- 
tice constants from those of this composition toward those 
of the unknown material under study, The regression co- 
efficients are good estimators of the rate of change of lat- 
tice constant with change of composition in such a study. 
;. Estimating lattice constants for compositions outside the ranges 
overed in table 1. 
Extrapolation is generally not to be recommended except for 


T 


Mg + Fe b 
CaMg,_ Al Si 


Al, CaFe,_ Al, Si 


2-u 


Fig. 1. Lattice constant b in a portion of the clinopyroxene system. 
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Si- Al RELATION IN CLINOPYROXENES 
FROM IGNEOUS ROCKS 
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range, it may be further classified into two types: one yielding feldspathoid- 
free rocks and the other feldspathoid-bearing rocks. Calc-alkali rocks are 
provisionally included in the tholeiitic magma because they are generally 
oversaturated with SiQ,. 

The relationship between the atomic proportions of Si and Al of the 
clinopyroxenes in relation to their parent rocks derived from the three magma 
types is shown in figure 1. One hundred and forty clinpyroxenes are plotted 


tween the atomic proportions of Si and Al in the clinopyroxenes 

t rock groups, Solid circles: cl nopyroxenes trom tholeiitic rocks. 

oxenes from feldspathoid-free alkalic rocks, Half solid circles: 

from feldspathoid-bearing alkalic rocks. (Atomic proportions are calren- 
i six oxygen atoms.) 


respect to the proportions of Si and total Al calculated on the basis of 

oxygen atoms. Clinopyroxenes of uncertain sources and also aegirine- 

are omitted, 

It is evident from the figure that the clinopyroxenes from the tholeiitic 
rocks have larger proportions of Si and smaller proportions of Al, whereas 
those from the feldspathoid-bearing rocks have smaller proportions of Si and 
larger proportions of Al, and those from the feldspathoid-free alkalic rocks 
have intermediate Si and Al proportions. In the figure, a line which connects 


> 
4 * + + + + 
9 
| 
9 
( 
z + 9 = + + 
oO 
5 oO 
fore) e 
o 
Qee 
| | 2° 
| 
e 
| \* 
ee 
€ 1.7 9 20 
Si 
‘ 
‘ pvroxenes 


Aushiro 


the tetrahedral position, namely the 


2. is drawn, That most of the points for 


to the saturation line despite plotting total 


550 
0.4 
0 
>» | 
q 
QO 
0? O 
So 
0.2 
O 
« 
| 
| 
ots | 
| 
on 
0 0.05 0.10 0.15 
Ti 
yrtions of Al and Ti in the clinopyroxen 
\I ime as those in hg. 1 


Si - Al Relation in Clinopyroxenes from Igneous Rocks 


one Black Jack 


Stillwater 
+ Skaergaard 
O |zu-Hakone 


| 


| 


2.0 


linopyroxenes during fractiona- 


Al indicates that Al in these clinopyroxenes is mainly in the tetrahedral posi- 
tion. The Al ions in the tetrahedral position are electrically compensated by 
the entrance of Ti. Al and Fe ions into the octahedral position, The clino- 
pvroxenes falling above the saturation line contain excess Al which enters into 
the octahedral position, whereas those falling below the line may have Fe®* 
ind Ti in the tetrahedral position as suggested by Kuno (1955). In figure 2, 
the relation between the atomic proportions of Al and Ti of the clinopyroxenes 


in the three different groups of rocks is shown. The clinopyroxenes from the 
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rocks are low in Ti content and also comparatively low in Al con- 
tent. On the contrary, those from the feldspathoid-bearing rocks are rich in Ti 
and Al and those from the feldspathoid-free alkalic rocks have intermediate 


of these elements 


VARIATION OF Si AND {| PROPORTIONS DURING FRACTIONATION 


Change in chemical composition of clinopyroxenes during fractionation 
of magmas can be studied best in some differentiated intrusive bodies, Clino- 
pyroxenes of four such bodies, namely, the Skaergaard intrusion (Brown and 
others, 1957), Stillwater complex (Hess, 1949), Black Jack sill (Wilkinson. 
1957) and Atumi sill (Kushiro, 1959), are examined to find the general 
trend of variation in the atomic proportions of Si and Al. The first two intru- 
sions are derived from tholeiitic magma and the rest from alkali-olivine-basalt 
magma. Although the Skaergaard magma is undersaturated with SiO. and 
recently considered to be high-alumina basalt by Yoder and Tilley (1957) 
and Kuno (1960), the pyroxene relations are similar to those of tholeiitic 
rocks. The clinopyroxenes from tholeiitic voleanic rocks in the Izu-Hakone 
district (Kuno, 1955) are also examined for comparison. 

In the clinopyt xxenes of these rock suites, Si increases while total Al 
decreases cenerally is the fractionation prot eeds (fig, | The trend from 
salite to ferropigeonite of the Izu-Hakone rocks covers the almost whole range 
of the tholeiitic cli ypyroxenes as regard to the Si and total Al proportions. 
As the structure pigeonite is slightly different from that of augite (™Mori- 

1956). pigeonite } he omitted from consideration, However, the 
trend from salite to Ca-poor augite of the Izu-Hakone rocks also covers the 
whole range of the thole ( nopvroxenes, 


The calculated amounts of Al in the tetrahedral and octahedral positions 
differ somewhat a yrdit to wl her the calculation is made according to 


Hess’ method (1949 r on the basis of the common assumption that the 
tetrahedral position ly filled with Si, Al, Fe and Vi in the 
order of preference : imed wever. the calculation by either method 
revealed that Al in the tetrahedral position also decreases during the fractiona- 
of these intri ns and of the Izu-Hakone rocks. Brown (1957) also 
‘da regular deci - of Al both in the tetrahedral and octahedral posi- 
for the Skaer 
[rend of variation of with fractionation differs in different cases, The 
vortion of Ti decreases in the Black Jack clinopyroxenes whereas it changes 


n the Skaergaard tillwate! Atumi and Izu-Hakone clinopyroxenes, 


FACTORS CONTROLLING Si-Al SUBSTITUTION 


Si, Al and Ti proportions in the clinopyroxenes would be controlled by 
chemical composition, temperature and pressure of the magma from which 
they crystallize. The effect of pressure may be negligible. 

The compositions of the magmas vary widely in the different magma 
types and in different fractionation stages. Although the temperature relation 
of the three magma types is not yet known, the temperature of the individual 
magma should decrease during the fractionation. Such composition and 


Si - il Relation in Clinopyroxenes from l gneous Rocks 


temperature differences of the magmas may result in the varying proportions 
of Si, Al and Ti in different coordinations in the pyroxene structure, 
It is most likely that molecular concentration of SiO. in the magma 
determines the amount of Si in the tetrahedral position of the clinopyroxene 
tallizing therefrom. If the amount of Si available to the clinopyroxene is 
ent to fill up the tetrahedral position, the rest of the position is oc- 
cupied by Al (and Fe und Ti). Thus, in the oversaturated tholeiitic magma, 
much Si would be available to the clinopyroxene and consequently it has a 
higher proportion of Si and a lower proportion of Al than the clinopyroxene 
the undersaturated magma which gives rise to the feldspathoid-free alkalic 
rocks, and the clinopyroxene in the more undersaturated magma giving rise 
to the feldspathoid-bearing rocks has the lowest Si and highest Al proportions 


largely in the tetrahedral position). 


This hypothesis is supported by the fact that the proportion of Si in the 


clinopyroxenes crystallizing from the magmas of Skaergaard, Stillwater, Black 
Jack and Izu-Hakone increases as the fractionation proceeds during which 
molecular concentration of SiO, in the magmas increases, An exception is the 
clinopyroxene from the later fractionation stage of the Atumi magma, al- 
though the SiO, concentration in the later stage also increases during the 
ions in the tetrahedral position must be accompanied by Ti, Al 

ions in the octahedral position in order to maintain electric neu- 

ity. In the clinopyroxenes crystallizing from alkalic magmas which are 
isually rich in TiO., Al ions in the tetrahedral position are largely compen- 


2). Therefore, the clinopyroxenes from alkalic rocks 


sated by Ti ions (fig. 
ire generally rich in Ti and are usually called titanaugite. It is also conceiv- 
thle, however, that the high TiO. concentration in the alkalic magma results 
in the high Ti content and consequently high Al content in the clinopyroxenes. 
This implies that the molecular concentration of TiO, in the magma deter- 
mines the amounts of Ti and Al in the clinopyroxenes, But this is not likely 
because of the following facts: during the early and middle stages of frac- 
tionation of the Skaergaard intrusion, TiO. molecular concentration of the 
magma increases (Wager and Deer, 1939) whereas Ti content of the clino- 
pyroxene is almost constant despite the marked decrease of Al; in the Black 
Jack sill, TiO, of the magma (rock) also increases (Wilkinson, 1958) while 
li of the clinoproxene decreases; in the Atumi sill, some clinopyroxenes 
crystallizing from TiO,-poor magma have a higher Ti content than those from 
PiO.-rich magma. In these discussions, however, the crystallization of iron 
ores is not taken into consideration and therefore the possibility of the TiO. 
concentration effect cannot entirely be discarded, 

Another possibility is that the temperatures of the magmas control the 
umount of Al in the tetrahedral position; the clinopyroxenes crystallizing at 
higher temperatures can contain more Al ions in the tetrahedral position 
than those crystallizing at lower temperatures. This hypothesis is also in 
accord with the decrease of the Al proportion in the tetrahedral position 
during the fractionation of the magmas already referred to, In silicate struc- 
tures, Al tends to enter into the tetrahedral position at higher temperatures 
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JADEITE-ROCKS AND GLAUCOPHANE-SCHISTS 
FROM ANGEL ISLAND, SAN FRANCISCO BAY, 
CALIFORNIA 


r. W. BLOXAM 


Geology, University College, Swansea, Wales 


Ange | Island 


ibordinate amounts of 


ABS TRAC rise a series of Franciscan (Jurassic) 

k onglomerate and radiolarian chert, Al- 
wen metamorphosed to jadeite-bearing metagraywackes in 
with basic or Itral ntrusions. A diabase 1] 


sill, originally 
en metamorphosed and its feldspar con- 


1 ie altered diabase and 
diabase the jadeite 


} 
ive | 


irv series, hy 
ind jadeite ylaucophane occurs 
ts margins, Towards the 
rlaucophane and 
ow that 


bearing meta- 
‘ 
pass into jadeite-lree schistose glaucophane- 
the change is accompanied by some desilication and 
ri, and possibly Na. This metasomatism, which 


he metamorphism, was probably hydrothermal 
ts and shear-planes, Similar 


may have 

n nature and 

, but more extensive developments 

ilso derived from graywacke, occur in association with a dike of 
Hvdrothermal processes directly related to the 
int part in the chemic 


la 
d 


serpentinization 

il alteration of the graywacke. Movements 
omplicates the lationships and many large masses of 
te-bearing metag ir as tectonic inclusions within 
ed unstable in, all the metamor- 
n the arkosic metagraywackes 


jadeite and eventually glauco 


s absent from, and consider 


jadeite appears to stable 
its place Ss take I acmiti 


hists. 


INTRODUCTION 
Anvel Island of islands in San Francisco 
hay, and lie 


lies about half a mile from the tip of Tiburon Peninsula from which 
Ss separ ited by Raccoon Strait (fig. 1) 


quare mile and its ¢ 


is one of the largest of a numbe1 


The area of the island is about one 
eology was first described by Ransome in 1894 (see also 


Bloxam, 1955). It is of particular interest since some of the earliest conclusions 
thout the oc 


irrence and possible origin of the California glaucophane-schists 
were based on rel itionships observed on this island, With one or two excep- 
tions the shore around the island is accessible at low tide, but high grass or 
tree-covered slopes behind the beach generally make it impossible to follow 
outcrops continuously inland. 

Phe island is composed essentially of six major rock-groups (fig, 2): 


1) Franciscan (Jurassic) graywackes, conglomerates and radiolarian cherts. 
(2) Jadeite-bearing metagraywackes derived from the Franciscan graywackes. 
his is the dominant rock-type on the island. 


») Glaucophane-schists derived from graywackes, cherts, and basic igneous 


rocks. 


\ large and apparently concordant sheet of altered diabase (“‘fourchite” 

of Ransome) intrusive into the Franciscan sediments, The diabase is ex- 
tensively glaucophanized, particularly at its margins. 

5) Pillow-lavas at Point Blunt. 

(6) A vertical dike-like body of serpentinite and pyroxenite near the western 

end of the island. 
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Geological map of Angel Island, Modified after F. L. Ransome, 1894. 


FRANCISCAN SEDIMENTS AND JADEITIC METASEDIMENTS 


General statement.—The Franciscan graywackes which make up the bulk 
of the island have, with minor exceptions, been metamorphosed, the char- 
acteristic rock-type being glaucophane-poor jadeite-bearing metagraywacke 
(Bloxam, 1956; 1959), Except in extreme cases, distinguishing graywacke 
from metagraywacke by eye in the field is difficult or impossible; while in thin 
sections it is essentially dependent upon the efficiency of the optical microscope. 
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TABLE | 
l 5 
70.50 70.: 71.0 70.04 
0.14 
13.88 
0.91 
2.26 
0.07 
2.11 
1.79 
4.01 
0.97 
3.15 
0.25 
nil 
0.07 
99.89 100.20 99.65 99.59 
2.89 2.91 2.91 


Fi “sandstone”, Quarry Point, Angel Island (Ransome, 1894, p. 231. Analyst, 
F tansome ) 

Franciscan graywacke, Quarry Point, Angel Island, Analyst, T. W. Bloxam. 

Fr scan graywacke, Buckeye Gulch (Taliaferro, 1943, p. 136), Also - 0.04%. 
F 


a ite vee ing metagraywacke, Point Simpton, Angel! Island. Analyst, T. W. Bloxam. 
ideite-bearing metagraywacke, Point Blunt, Angel Island, Analyst, 
ideite-bearing metagraywacke, Valley Ford (Bloxam, 1956, p. 98. Analyst, E. H. 


Dispersed among the fibers of mica and chlorite are idiomorphic crystals 
of lawsonite, often bent, but generally lying parallel to the bedding/ foliation. 
lhe mineral is particularly abundant in the basic igneous fragments. Recrystal- 
lization of the groundmass begins to effect the detrital quartz, chert, and albite 
fragments, which lose their sharp boundaries and are invaded by needles of 
pale green actinolite, often fringed with crossite. The brownish vermiculite 
noted previously (p. 558) frequently passes into fibers of stilpnomelane while 

may also replace some of the whispy mica, Tiny garnet aggregates 
ommon and are probably a manganese-rich variety. 

2) incoming of jadeite 
determined visually in hand specimens, but in thin sections the 
ices the detrital albite. This reaction (albite jadeite + quartz) 
appears to be extremely fast and sensitive to changes in metamorphic condi- 
tions. Metagraywackes of the type previously described change, within an inch 
or less, into jadeite-bearing metagraywackes of almost identical texture except 

that jadeite has developed to the complete exclusion of detrital albite 

The jadeite usually occurs as colorless radiating groups of elongated 
prisms which may be grouped about an area of cloudy sub-isotropic material 
with speckled polarization colors; probably lawsonite (Bloxam, 1956). While 
the average size of the jadeite crystals is from 0.1-0.3 mm (plate 1A and B), 
one exceptional metagraywacke contains jadeites up to 0.8 mm (plate 1C), In 
addition to its crystal habit, the jadeite is readily distinguished by its extreme- 
ly strong dispersion which makes accurate optical determinations difficult, In 
some cases the usually colorless jadeite may be faintly greenish, probably 
representing more acmitic varieties. This change in composition is particularly 


common in metagraywackes containing abundant glaucophane, Optical data 
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PLATE 1 


Altered diabase; same field as D. The speckled appearance of the plagioclase is due 
to replacemnt by lawsonite and chlorite, Nicols crossed x 67. 
Altered porphyritic diabase, The subhedral crystal of plagioclase in the center of the 
field has been altered to lawsonite, chlorite, and a little jadeite. Ordinary light x 11. 
Altered porphyritic diabase; same field as above showing details of plagioclase re- 
placement. Abundant idiomorphic lawsonite is present with a “brush-like” aggregate 
of jadeite just above and left of center. Ordinary light x 110. 

H. Glaucophane-rich schist derived from graywacke marginal to the altered diabase, Or- 
dinary light x 36, 


Ransome (1894, p. 216), describing a “Franciscan sandstone” makes 
frequent reference to the presence of “zoisite”. It is probable that the mineral 
is in fact jadeite since the strong dispersion and form of the jadeite are very 
like those of clinozoisite. 

Iwo analyses of the jadeite-bearing metagraywackes, ene from Point 
Simpton and the other from Point Blunt are given in table 1, columns 4 and 
5. The similarity of the analyses to those of the graywackes (table 1, columns 
1, 2 and 3) and to a jadeite-bearing metagraywacke from Valley Ford (table 
1, column 6) is evident. 


Other associated metasediments.—Conglomerates o1 pebbly facies of the 


graywackes together with radiolarian cherts are the commonest sedimentary 


types associated with the graywackes. 

(1) Altered conglomerates—tIn the region of Point Blunt and on the 
shore about 900 feet south of Point lone, conglomerates are quite abundant. 
They are not sharply defined bands but merely coarser phases of the associated 
metagraywackes which form the matrix about the pebbles. The pebbles, like 
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the smaller fragments in the metagraywacke, consist of chert, variolite, quartz 
te, and shale. Ransome (1894, p. 197) described pebbles of a holyerystalline 
oneous rock of oraniti athnities composed of quartz, altered feldspar, oreen 
hornblende. and blue amphibole (crossite in the present writer's specimens). 
Most of the crossite occurs as mantles or feathery replacements of the green 
hornblende. Since the crossite-bearing pebbles are contained in rocks ( jadeiti« 
metagraywackes) which Ransome regarded as unmetamorphosed oraywackes. 
he found it extremely diflicult to account for their origin. 

(2) Radiolarian chert.—Interbedded with the graywackes and metagray 
vackes are radiolarian cherts which are generally red in color but, when re 
crystallized, develop green or bluish tints, Ransome (1894, p. 199) noted the 
radiolarian cherts near Hospital Cove which exhibit sedimentary facies grada 
tional with the graywackes. When associated with unaltered graywacke the 
radiolarian cherts generally contain abundant tests of Radiolaria and ar 
deeply stained by abundant “dusty” iron oxide and some manganese, Some o! 
those associated with the metagraywackes are recrystallized but show little 
further alterati Others may contain abundant stilpnomelane and riebeckit 


resent more mpure varieties (cl 


TERED DIABASH 
vase can be conveniently divided into 


heet east of the serpentinite dike and. (2) discontinuous 


serpentin dike addition, small isolated masses ol 
several « (fig. 2) and probably represent 
. p. 202). 
altered diabase as “fourchite’ 
is only for want of a better term 
e fact that he did not fully reco 
he did observe that blue-amphibol 
Furthermore. lawsonite. which 


nsome, 1895). although he eive 


ul n the rock which is cle 


preserves undisturbed igneous tex 

d slightly ophitic, (b) fine-grained 
tvpes (a) and (hb) are developed n 
sarser interior and chilled marginal 
restricted in its development and con 


‘xposures of diabase, particularly neat 


and sub ophitic phase s. Samples Oo 


serve as typical examples of the main 

over its whole outcrop. 
than the average diabase and the 
constituent preserved, tends to be granu 
owards the altered plagioc lase (plate 1D and 


ss and has the following optical properties: a 


162 Bloa 
e shee altered 
R 1894 
W 
H 
| re 
| 
| ¢ rai t k tine 
E). The pyres 


Jrom Angel Island, San Francisco Bay, California 563 


1.681, 1.687, 1.711, 2V, 13°; the corresponding 
composition being close to Cay Mgys Feis (Hess, 1949, p. 649). Frequently 
the pyroxene shows marginal alteration to chlorite, glaucophane, and green 
acmitic-jadeite. In some cases a little jadeite occurs as independent fibrous ag- 
gregates which have developed from the material of the groundmass, probably 
feldspar. 

Although the outlines of the original plagioclase crystals are frequently 
preserved, they are completely altered to dense aggregates of colorless chlorite 
which is isotropic and has n 1.630. Associated with the chlorite are abun- 
dant idiomorphic prisms of lawsonite and occasional feathery aggregates of 
jadeite (e.g plate IG). 

The original constituents of the fine-grained groundmass cannot be recog- 
nized but, judging by the amount of lawsonite present, it must have been very 
feldspathic. 

Interwoven between the pyroxene crystals and forming a further con- 
stituent of the groundmass is crossite in extremely small fibers tightly matted 
together forming an apparently uniform deep-blue background. 

lhe most significant feature of the altered diabase is the complete elimina- 
tion of feldspar and its replacement by chlorite, lawsonite, and jadeite, This 
chloritization of the feldspar bears some resemblance to that described by 
Vuagnat and Jaffé (1954) from Alpine variolites and pillow-lavas associated 
with serpentinites, although their rocks do not contain glaucophane-schist type 
rals, 

An analysis of this phase of the altered diabase is given in table 2, 

umn 2, together with Ransome’s original analysis of what is probably the 
same rock-type (table 2, column 1). 

(b) Fine-grained porphyritic phases.—Except where it reaches the shore 
ear Point Simpton and between Point Knox and Point Stuart, the junction 
etween altered diabase and adjacent metagraywackes is seldom exposed. When 


} 


contact phases are exposed they are fine-grained and usually strongly por- 
phyritic. 

The constituents of the rock are the same as those in the courser phases 
but the primary pyroxene occurs as sub-radiate laths or fine brush-like group- 
ings, representing a transitional texture between the sub-ophitic and variolitic 
types described below. 

The altered feldspar phenocrysts are of particular interest since they il- 
lustrate the development of chlorite, lawsonite, and jadeite within the former 
crystal boundaries of the phenocrysts (plate 1F and G). 

(2) Altered diabase west of the serpentinite dike: (c) variolite——The 
largest mass of altered diabase in this part of the island forms the cliffs at 
Point Stuart and crops out at various places along the shore to the S S E. 
While the altered diabase exhibits facies identical to those already described, 
in the immediate neighbourhood of the lighthouse south of the old Military 
Post, much of it consists either of intrusive breccia or develops a type of 
spheroidal structure (Ransome, 1894, p. 201). This latter feature is not pillow- 
structure and each bulbous projection is little more than 2 to 4 inches in size. 
The effect is to give the outcrops a rubbly appearance and is a type of auto- 
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which cut the diabase are often completely filled with massive clumps of 
elaucophane. 

Two analyses of strongly sheared and glaucophanized diabase are given 
in table 2. columns 4 and 5. 


PILLOW LAVA 


‘| he only exposure of pillow-lava on the island occurs on the sea-cliff at 
Point Blunt, just below a small lighthouse (Ransome, 1894, p. 202). The 
pillow-lava is in fault contact with conglomeratic metagraywackes to the west 
and east and lies beneath metagraywacke forming the cliff-slope above. 

rhe pillows are ellipsoidal in shape and vary in size from about one to 
three feet. The tops are convex and the bottoms concave, fitting around, or 
sending downward protuberances into spaces between lower pillows, Wilson’s 
(1940) criteria indicate that the lavas are the right way up, but the adjacent 
metagraywackes dip at high angles. 

In thin sections the pillow-lavas have a variolitic texture and are almost 
identical to the variolitic phases of the altered diabase, with fine brush-like and 
spherulitic groupings of feldspar set in a matrix of brown glass, Like that in 
the altered diabase, the feldspar has been largely replaced by chlorite. 

The matrix between the pillows consists mainly of calcite in which are 
scattered globular aggregates of brown glass similar to that forming the pil- 
lows. Associated with the glass and occupying branching veins are irregular 
patches of pumpellyite (cf, Bloxam, 1958; 1959, p. 102). 


SERPENTINITE AND PYROXENITE 
lraversing the western part of the island is a prominent almost vertical 
dike-like sheet of serpentinite which trends approximately N N W and attains 
a maximum width of about 500 feet. The major boundaries of the serpentinite 
are usually faults and the term “dike” is used more in a descriptive sense since 
the marginal metasediments are generally vertical, suggesting that the ser- 

pentinite may well have been a concordant sheet or sill. 
rhe serpentinite is always strongly sheared, particularly at its contacts, 
and consists of greenish slickensided masses within which are nodules of less 
sheared serpentinite (table 2, column 7), Both types are almost completely 
serpentinized and consist of a dense aggregate of colorless twinned clinochlore 
which have B 1.591, y -—a 0.008, 2Vy ~ 10°, and X parallel to the 
elongation, With one or two exceptions, pseudomorphs are rare and, when 


present, are always after pyroxene, no olivine, or evidence of its former pres- 


ence, having been detected (Ransome, 1894, p, 222), The few opaque minerals 
consist mainly of parallel streaky clusters of iron-ore and occasional deep 
brown crystals of chrome-spinel (picotite). 

Partially serpentinized specimens of pyroxenite have been obtained from 
the dike. The analyzed rock (table 2, column 6) consists of diallagic pyroxene 
up to 5 mm in length, partially replaced by serpentine which also appears to 
invade the rock along a network of branching veinlets, The optical properties 


of this pyroxene are identical with that in the altered diabase (p. 562-563). 
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2 } 
60.63 7.18 48.26 
j 2.51 
82 5 . 12.81 
1.21 . 1.10 
1.35 62 915 
0.03 18 0.16 
2.38 07 5 6.71 
1.99 5 8.76 
3.89 3. 2.93 
1.01 87 0.10 
2 96 3.3 3.47 
0.20 0.32 
0.08 0.36 
0.10 4 0.01 
100.20 100.22 100.06 
2.89 3.15 3.21 
y metagraywacke, 3 feet below altered diabase, Point Simpton (see table 
1) 

sucophane-schist (from graywacke), transitional glaucophane-schist, 1 foot 

red diabase, Point Simpton, Analyst, T. W. Bloxam. 
ne-schist (from graywacke), contact phase with altered diabase, Point 

nalyst, T. W. Bloxam 


ed marginal phase of the diabase, Point Simpton (see table 2, column 5). 

It is probable that the above assemblages ( quartz-glaucophane-lawsonite ; 
quartz-jadeite acmite-glaucophane-lawsonite and quartz-jadeite-lawsonite-cross- 
ite) may owe their development to differences in bulk chemical composition 


rather than large changes in pressure. Hence in rocks with progressively more 


ke and Mg the place of jadeite is taken by jadeite-acmite and eventually 
wucophane (cf, Brothers, 1954, p. 620: Bloxam. 1956, p. 496; 1959, p. 102; 

e. Turner and Verhoogen, 1958, p. 170). 
West of the serpentinite dike. and about 1.000 feet E N E from Point 


the altered diabase is in contact with metacherts which form a thick 


in the metagraywackes. Large wedges of disrupted metachert have been 
the instrusive diabase which is also full of smaller metachert 

1gments (Ransome. 1894, p. 217). As at Point Simpton, the marginal dia- 
ise has been extensively vlaucophanized together with the associated meta- 
s which have been altered to flinty dark-bluish schists with regularly 

ing bands of paler bluish-pink suggestive of original bedding, The 

cherts are highly siliceous and consist essentially of an even-grained 
quartz mosaic riddled with stilpnomelane and riebeckite, The habit of the 


stilpnomelane is characteristic of that in many other Franciscan metacherts 
ind consists of a number of ragged fibres arranged in small sheaf-like or “bow- 
tie” bundles. The mineral is frequently replaced by riebeckite which often 
preserves the form of the stilpnomelane aggregates, The paler bands are richer 
in lawsonite and contain glaucophane together with very small inter-locking 
rranules of garnet, probably manganese-rich ( Bloxam, 1959, p. 104). 

(2) Glaucophane-schists associated with the serpentinite, (a) General 
relationships._Serpentinite contacts on the island are less favorably exposed 
ind when they do occur are always faults, Ransome (1894) observed that 


laucophane-schists were also developed marginal to the serpentinite dike and 
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the emplacet mnt of the s rpentinite, the 
majority are probably tecto isions (Brothers, 1954, p, 623.) 

All the major faults po e the Franciscan sedimentary and igneous 
ocks and the metamorphism. and. while they cannot be definitely dated on 
Angel Island, are probably ted to post-Jurassic to Recent diastrophism dur- 
neg the evolutic th rl Coast Range (Reed and Hollister, 1951). 

b) Detailed relationships ie best locality for examining these rela- 
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Knox, beginning at the eastern end of a sandy bay. A sketch map of the lo- 
cality is given in figure 3. 

Rising above the sand at the end of the sandy bay is a sheared wedge of 
serpentinite bounded on either side by faults which bring it into contact with 
i vertical strip of jadeite-bearing metagraywacke to the east (fig. 3A), Thinly 
laminated chert bands containing riebeckite and stilpnomelane also occur in 
the metagraywacke, Interposed between these metasediments and another 
faulted mass of serpentinite is a zone of fault breccia containing broken-up 
vlaucophane-schist derived from metagraywacke (fig. 3B). A small wedge of 
shattered metagraywacke bounded in part by serpentinite lies on the eastern 
side of the fault (fig. 3C). and a similar, but larger mass (fig. 3C,), is com- 
pletely surrounded by the serpentinite. A little further up the sea-cliff some 


large masses of glaucophane-schist (D) are also enclosed by the serpentinite 


(tectonic inclusions), while others form a small promontary near sea-level (fig. 


3D,). The serpentinite terminates eastwards against a fault (fig. 3E), which 
introduces a wider belt of jadeite-bearing metagraywacke cut by a small fault- 
wedge of serpentinite (fig. 3F); followed by another fault introducing more 
serpentinite (fig, 3G). Along this fault-zone discontinuous pods of brecciated 
vlaucophane-schist are exposed similar to those in locality B, except that they 
have originated from cherts and contain abundant quartz, stilpnomelane, and 
riebeckite. The adjacent serpentinite encloses one large mass of metagray wacke 
ind two of glaucophane-schist (fig. 3, C. and D.). 


INTERPRETATION OF THE CONTACT RELATIONSHIPS 


(1) Altered diabase contacts—-Ransome (1894) considered that the de- 
velopment of glaucophane-schists from sedimentary formations marginal to 
the diabase was the result of contact alteration associated with the emplace- 
ment of the basic magma. It has been demonstrated, however, that the diabase 
has also been metamorphosed, hence the metamorphism must post-date the 
diabase and is not directly associated with its emplacement. 

Chemical analyses (table 3) show that the regionally prevalent jadeite- 
bearing metagraywackes have been modified in chemical composition near the 
diabase, the principle changes involving loss of Si and gains in total Fe, Mg, 
Ca, Ti, and possibly a little Na. Very similar chemical changes were noted by 
the writer at Valley Ford (Bloxam, 1959, p. 110) in association with the 
‘laucophanization of jadeite-bearing metagraywackes. 

Phe evidence is compatable with Turner and Verhoogen’s (1951, p, 244) 
hypothesis that active solutions may have risen along suitable paths afforded 
hy shear planes (e.g. igneous contacts), Their effect has been to modify the 
composition of the arkosic graywacke into one more appropriate to the develop- 
ment of vlaucophane. 

(2) Serpentinite contacts.—¥aulting at the serpentinite contacts largely 
obscures the original relationships and no complete transition from jadeite- 
bearing metagraywacke into glaucophane-schist has been observed, Instead, 
the glaucophane-schist occurs as broken-up lenses in fault-zones between 
jadeite-bearing metagraywackes and serpentinite, However, by implication, it 


rocks and Glau ophane schists 


s probable that the relationsh ’ » same as those between the glau 


pl ine-schists and diabase 


Ransome’s analysis of the serpentinite is given in table 2. column 7. I! 


the serpentinite has in fact been derived from pyroxenite their respective 


unalyses (table 2. columns 6 and 7) indicate considerable changes in composi 
tion: Me and water having been added; some Si and all the Ca removed. It 
is possible, therefore, that serpentinization of the pyroxenite may have played 
1 direct part in the redistr bution of certain elements in its vicinity (Turner 
ind Verhoogen, 195] | 244) 

It has already been noted (p. 566) that relatively more glaucophane-schist 
is associated with the serpentinite than with diabase. This may be due in part 
to the processes outlined above and also to the easier access of solutions, what 
ever their origin. along shear zones associated with the serpentinite (Turnet 


ind Verh 1951. 244 


MIMARY AND DISCUSSION 
1) Arkosic Franciscan graywackes, which form the major rock-type o 
Angel Island, have been metamorphosed to glaucophane-poor jadeite-bearins 
metagraywackes with virtually no change in chemical composition Jadeite has 
formed mainly from detrital albite (albite jadeite + quartz). 
(2) The devel ypment ot the jadeite bearing rocks may he des ribed as 


ynal in extent a not related to proximity with basie or ultrabasic in 


rraywackes has also been meta 
onverted to chlorite. lawsonite, and 
nal ph ises of the diabase are sheared and 
ophar e 

diabase the graywackes have been de 
ind possibly Na: leading to the 
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rmal arkosi jadeite bearing metagra\ 
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ravwackes are extensively faulted 
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e as that with the altered diabas 
ywackes marginal to the diabase and 
hydrothermal solutions of um 
contact zones and associated 
mntemporaneous with, the meta 
1 to serpentinization. 
nstable in all these metamorphi 
‘ite, lawsonite. and chlorite. Jadeite only 
raywackes poor in Fe. Mg and Ca; its 
ind glaucophane in rocks with higher 
yph ine-schists). 
summarized in table 4 


0 Bloxam —Jadcite- 
\ she liaba trus 

\ ) ict t ere 

Me. 
icke, S elat 

( Phe 


Ingel Island, San Francisco Bay. ( alifornia 


571 
4 KAKA 
OX 
| 
A A 
: | A A) A 
A AAK A 
| 
}2 3 | | 
| 
| 


R 


17 ad ophane hists 


(189-4) and Lawson (1895) estab 


f California 


elaucophan schists of the 


d with intrusive bodies of serpentinite: 


y contact metamorphism and 
Phe 
to be 
197 


produced b 
emplacement of the ultrabasi« 
on in California. still 

| mapping, Wilson (1943, p 
) schists by pneumatolytic av 
seems the 
trusive bodies, and their gradation into un 
the strike”, 
1943) who found that the elements most 
il rocks were Na, Me. Ca, Ti and Al: th 


connected with the ultra 


magma 


appears 


| oph ine 


yns demonstrated by 


ntrusi 


Similar conclusions have 


veneli lly 


95-26). Crittenden notes that 


saring rocks in the San Jose-Mount 


th the long narrow serpentine sill . 

aiong the western, presumably uppel 

nterfingering with the serpentine 


»bservations and those made o 


ind Verhoover 


lopment of glaucophane-schist by hydro 


and Fyfe. Turner 
ntacts or more remote points situated o1 
cf, Bor 1956). In addition the effect 
yriginal relationships and numerous 


lity of serpentinite in fault-zones and 
1943. p 196-197: Taliaferro. 1943 


! 
hosed 


1959: 


have by el 
VeKee 


(de Roever, 1955) 


unmelamorp 
Bloxam 1950: 
ribed from Celebes 
In California glaucophane-rich schists may 
widespread metamorphism in areas of ap 
tal modified in chemical composition 


DGMENTS 


LI 


undertaker in the 
» thank Professor F, 
iding the manuscript, Thanks are also accorded 
ymmonwealth Fund of New York for a Harkness Fellowship that en 
to work at Berkeley, and also for defraying the cost of some 

Colonel Keene Saxon of the Presidio, San Francisco, kindly 

t Angel Island. Grateful thanks are also a 


University of California 


J. Turner for his guidanes 


» 


ed the write! 
] 


Lnaiyses 


vermission to visi 
| 


Rhodes 


ter 
fessor F. H. 7 


ement 


ive the wi 
to Pr 
d coura 


versity College, Swansea, for his help 


Bloxan 
Francis intimately i 
' 
sec | i 
| 4 
| 051, 
| 
\ Is 
| 
\- ear that extensive areas 
| 
} eile 


from Angel Island, San Francisco Bay, California 


REFERENCES 


1955, Glaucophane-schists and associated rocks at two Californian locali- 
Soc. America Bull. (Abst.), v. 66, p. 1644-1645. 
Am. Mineralogist, v. 41, 


1958, Pumpellyite from South Ayrshire: Mineralog, Mag., v. 31, p. 811-813. 
1959, Glaucophane-schists and associated rocks near Valley Ford, California: 
> v. 25/7, p, 95-112. 
1956, Glaucophane schists and eclogites near Healdsburg, California: Geol. 
ca Bull., v. 67, p. 1563-1584. 
1954, Glaucophane schists from the North Berkeley Hills, California: Am, 


, v. 252, p. 614-626. 
D.. 1951. Geology of the San Jose-Mount Hamilton area, California: Calif. 
Res., Div. Mines Bull, 157, p. 1-74. 

P.. 1955, Cenesis oft jade ite by low grade met imorphism: Am. Jour. Sci., 
83-29% 
F. J., and Verhoogen, J., 1958, Metamorphic reactions and meta- 
ies: Geo oc, America Mem, 73, p. 1-259 
1951, Geology of the Healdsburg Quadrangle, California: Calif. Dept. Nat, 
. Mines Bull. 161, p. 1-50. 
, 1949, Chemical composition and optical properties of common clinopyroxenes, 
Am. Mineralogist, v. 34, p, 621-666. 
1895, A contribution to the geology of the Coast Ranges: Am, Geologist, 
54.356 
Jadeite alteration of sedimentary and igneous rocks: Geol. Soc, Ameri- 
69, p. 1612. 
reology of Angel Island: Univ. Calif, Pub, Dept. Geology, v. 1, p. 


, 1895, On lawsonite, a new rock-forming mineral from the Tiburon Peninsula, 
County, California | niv, 4 ilif, Pub. Dept. Geology, v. l, p. 301-312. 

D., and Hollister, J. S., 1951, Geology of California: Am, Assoc. Petroleum 
Fists | uls 1 


iidé, F., 1959, Finding of jadeite from the Sanbagawa and Kamuikotan 
elts, Japan: Japan Acad. Proc., v. 35, p. 137-138. 
1941, Geologic history and structure of the central Coast Range of 
lif. De pt. Nat, Re S., Div. Mines Bull, 118, Pp. 119-163. 
, Geologic history and correlation of the Jurassic of south-western Oregon 
: Geol. Soc. America Bull., v. 53, p. 71-112. 
The Franciscan-Knoxville problem: Am. Assoc. Petroleum Geologists 
109.219 
! 1951, Igneous and metamorphic petrology: New York, 
phérites de la région des Gets (Haute- 


de physique et de Histoire Nat, de Geneve, v. a 


le oph 


rocks of Arkansas: Ann, Rpt. Geol. Survey Arkansas 


ogy of the San Benito Quadrangle, California: Calif. Jour. Mines 
183-270. 


inda distri Ou he Geol, Survey inada Mem. 229, p. 1-162. 


573 
Bloxam, T, 
ties: Leo 
, 195 
188-496 
Am, Jou 
Borg, I. Y., 
Ami 
Brothers, R 
Jour. Si 
( tle! len 
Dept. N 
le Roeve 
Fyfe, W. S 
morp! 
{, y, W 
Res., D 
H. H 
Lawson, A 
y 15. 1 
McKee, B., 
i Bull 
R me, F 
193 
Marin 
Reed, R 
Ceolo 
Y.. and SI 
Taliaferro, N. I 
( fornia: ¢ 
ind Californ 
, 194 
Bull., v 
| 
MeGraw-H 
\ t, M., a 
Williams, J. F., 1891, The igneous yas 
lo 1890, 4 
W ils I. F., 1943, Geol 
ind Geology. v. 39, 
Wilson, M. E., 1941, 


AMER RNA EN on, 258, Ocroper 1960, 574-582] 


SYSTEMS S-Na2,0-H,0 AND S-H20: APPLICATION TO 
THE MODE OF ORIGIN OF NATURAL ALKALINE 
POLYSULFIDE AND THIOSULFATE SOLUTIONS* 

R. H. ARNTSON', F. W. DICKSON’, and GEORGE TUNELL* 


ABSTRACT ulfur : queous NaOH to form sodium sulfide and sodium 
I tate tt TeSt e ol excess sulfur the polysulfide complex ion Sx forms, where 


mcentrations of sulfur in aqueous NaOH solu 

rhombic sulfur have been determined at 25°C 

ne atmosphere pressure. In ich as alkaline aqueous solutions are known to exist 
e. the re tior of s fur with NaOH solutions suggests a possible mode of origin 
thiosulfate solutions. Alkaline aqueous solutions en 

» produce sodium polysulfide and sodium thio 


luble complex ions with ore-forming 


INTRODUCTION 
Geologists specunatil on the processes involved in the formation of ore 


deposits have been hampered 


by the scarcity of pertinent physical chemical 
data. There is general agreement that one fundamental source of ore-forming 
substances is magmas, which, in the course of crystallization, give off fluids 
capable of transporting ore metals. Agreement is less wide as to possible me- 
chanisms by which the ore-forming elements along with other constituents 
separate from the parent magma, o1 the physical and chemical character of 
the transporting media, or the factors controlling deposition of the ore minerals 
under either deep seated or shallow conditions, The purpose of this paper is to 
present our experimental studies on the system S—Na,OQ-H.,O, to discuss other 
work on the system S—H.O, and to consider the possible modes of formation of 
alkaline polysulfide and thiosulfate solutions which may be capable of trans 
porting certain ore-forming components under conditions which prevail at 


shallow depths in the Earth's crust 


EXPERIMENTAL WORK 

[he saturation curves of orthorhombic sulfur in aqueous Na.S solutions 
(system S—Na.S—H.O) at 25°C and 50°C determined by Arntson, Dickson, 
and Tunell (1958) show behavior explainable by the assumption that various 
reactions which compete for sulfur shift differentially with changing tempera- 
ture and Na.S concentrations. NaOH is present in the solutions as a conse- 
quence of the hydrolysis of NaS to NaHS, Therefore, since sulfur is known to 
react with NaOH solutions ( Mellor, 1930, p. 516) the solubility of orthorhom- 
bic sulfur in aqueous NaOH solutions (system S—Na,O-H.O) was studied at 


25°C and one atmosphere pressure. The experimental data are presented in 


tables 1 and 2 and figure | 
Experimental mixtures were prepared by diluting carbonate-free saturated 
NaOH solutions with boiled distilled water and mixing with orthorhombic 
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90% 


Saturated Solution 
plus Sulfur 


Unsaturated Solution 


90% 
10% 


ion curve of orthorhombic sulfur in the system S-NasO-H,O at 25°C 


pressure, in the concentration range from 90 percent to 100 percent 


sulfur in tetrafluorethane bottles in an oxygen-free nitrogen atmosphere, Suf- 
ficient solid sulfur was added to ensure complete reaction and to maintain at 


all times the presence of excess solid phase, The bottles were rotated at con- 


stant temperature (25°C + 0.02°C) for times ranging from five days to 
several weeks, The sulfur concentration of mixtures allowed to react for five 
days agreed well (within + 0.01 percent) with the sulfur concentration of 
mixtures of the same initial NaOH concentration allowed to react for several 
weeks, indicating that equilibrium was probably attained in five days. 

lhe saturated solutions were analyzed by a modification of a procedure of 
Dic kson and Tunell (1958) which involved the use of H.O. to oxidize sulfide 
ion to sulfate ion. In preparation for analysis the saturated solutions were 
filtered through a fritted glass filter te remove suspended solid sulfur and 
placed in a weight buret which was then allowed to come to room tempera- 
ture. The filtered sample was divided into two portions, one to be analyzed for 
sodium in the form of Na,SO,, and the other to be analyzed for total sulfur in 
the form of BaSO,. To the samples was first added concentrated NH,OH fol- 
lowed by the addition of five percent H.O. to oxidize all dissolved sulfur to 
sulfate. The role of the NH,OH was to prevent immediate precipitation of sul- 
fur when the H.O, was first added. The sodium was determined by weighing 
as Na.SO,, and the Na,O and NaOH percentages in weight per cent were 
calculated from the weight of the Na,SO,. The total sulfur was determined by 
weighing as BaSO,, and the S concentration in weight percent was calculated 
from the weight of BaSO,. Water percentages were determined by difference. 
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NaOH H.O (by difference) 


0.49 


10, p. 516) solid sulfur reacts with sodium hy- 


lium polysulfide and sodium thiosulfate by a 


6 NaOH — 2Na,5 + Na.S.O (1) 


s the 


atoms linked to sulfide ion, If the equation 
orrect, the mole rat! to Na.S.O, in saturated solutions should 
The ratio can | ilculated from the experimental data on the basis 
that no other species of chemical substance 
is present in significant quantities in the saturated solution; and (2) that the 
average value ol 0.03) determined by Arntson, Dickson, and 
Tunell (1958, p. 718) for solutions of NaS saturated with orthorhombic sulfur 
at 25°C holds fo1 the system S—Na,O-H.O, The following equa- 


of the following assumpt 


tions can ther 
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2 + (n+]) 
[Na.S.0,] + [NaSin [Na.O]. 

where: enclosure by brackets in- 
dicates concentration in moles 
per kilogram in the saturated 
solution, [S] and [NasO] ar 

known by analysis. 
For convenience let [Na.S.O.] be designated A, and |Na.S,,.1)| be desig- 
nated B. Then, 2A in+1)B and A + B | Na.O]: by solving the 
two equations simultaneously for B, and by substituting for “n” the value 3.77, 
the following expression is obtained: B [S]— 2 [Na.O]-/ 2.77. Table 3 pre- 
sents the equilibrium data converted te moles per kilogram together with the 
ileculated concentrations and mole ratios. The calculated ratio of B to A 
(NaS Na.S.0,) ranges from 1.9 to 2.4 and averages somewhat less than 
2 Considering errors inherent in the calculation and uncertainties involved 

‘ assumptions, 2.2 is in reasonable agreement with the theoretical value, 

hence, the calculations provide strong supporting evidence that the reac- 

is as postulated. 

Phe saturation curve of figure 1 approximates a straight line on the scale 
if the figure. When plotted on a larger scale a slight concavity toward the un- 
aturated solution field is noticeable, indicating that diluting a saturated solu- 
tion with water produces a slightly undersaturated solution, and conversely, 
removal of water by evaporation causes sulfur in small quantities to precipitate. 

Qur experiments involved using rather highly concentrated NaOH solu- 
tions. It would be of considerable interest to know the nature of the reaction 
which takes place in only slightly alkaline or neutral solutions. Studies by 
Cherbuliez and Weibel (1936) indicate that in near neutral solutions at tem- 
peratures up to LOO™¢ the following reaction takes place: 

1S — 2H.S 2H (2) 
In pure water. as the reaction proceeds, the solution very rapidly becomes 
widic: dissolving as much as 0.6 me sulfur in a liter of water increases the 
acidity sufficiently to cause the reaction to cease. 

In slightly buffered solutions, such as in ordinary tap water, reaction with 
sulfur proceeds to a considerable extent (Cherbuliez and Weibel, 1936, p. 
(98). In presence of excess sulfur, polysulfides form by the following reaction: 

H.S S => ELS.. (3) 

Our experiments were carried out with suflicient sulfur present to more 
than saturate the solutions. The nature of the reaction products which form 
when the reaction is carried out with a deficiency of sulfur remains an open 
question, Reactions are possible which produce a combination of sulfide ion 
ind thiosulfate ion, according to the following equation: 

60H 1S 28 (4) 
The possibility that mixtures of sulfide and polysulfide ions along with thio- 
sulfate ions will be formed cannot be excluded. The evidence available in the 


literature which bear on this point allow no definite conclusions. 
GEOLOGIC IMPLICATIONS 


Interest has long been centered on the minerals deposited in and near hot 
spring outlets in the hope that the nature of the solutions capable of transport- 
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Data of table 1 cc to moles per kilogram of saturated solution; and 
calculated conce ions of Na.S.O, and Na.S,, and their mole ratios 
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0.0212 
0.07 
O08, 
0.148 


components of the erals could be deduced. The reaction of sulfiu 


ith water and alkaline solutions provides a mechanism for the production in 


nature of sulfide and thiosulfate ions, substances which are capable of forming 


omplexes with the metallic components of ore minerals. 

Cherbuliez and Herzenstein (1936) discussed the geochemical significance 
of the reaction of sulfur with water. They pointed out that the sulfur content 
of natural thermal waters may in part result from the reaction of native sulfur 
with hot ground water, and with this in mind they examined the composition 


of waters from several hot springs (table 4). The amount of thiosulfate ion 
was less than the amount predicted by equation (2). The discrepancy was in- 
terpreted by Cherbuliez and Herzenstein to mean: (1) that much of the H.S 
was formed by decomposition of sulfide minerals; or (2) that a portion of the 
S.0 initially formed by the reaction of sulfur with water has decomposed. 
Reaction of thiosulfate with oxygen was rejected as unlikely, first, because of 


the persistence of H.S in the solutions, which would not happen if oxygen were 


resent; and secondly, the absence of the polythionates, in view of the known 


| 
fact that polythionates result from partial oxidation of 5,0 ion. The hy 
drolvsis of S.O on to H.S and SO ion by the following reaction was 


considered: 


H.O = H.S SO, (5) 


lt icid solution tl t I s kn mwn to take place, but has not been ob 


neutral or alkaline solutions, except in the presence of 


served i 

italytic agents such as Cd . Cherbuliez and Herzenstein therefore postulate 
that much of the H.S and S.O found in the waters they examined was 
formed by the reaction of sulfur and water, with the comparatively low amount 


of S.O explained by the hydrolysis of 5.0 to H.S and SO, (eq. 5) 
italyzed by metal ions such as Cd 

Thiosulfate ion has been detected in hot spring waters in the United 
States (Clarke, 1924, p. 196) and a related substance, tetrathionate ion 
S,0 . was detected in water of voleanic origin from Mt. Lassen (Day 
ind Allen. 1925. and Allen and Day. 1927). The possible ore-carrying role of 


thiosulfate ion has not been carefully considered, in spite of the known tendency 
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TABLE 4 
(Analysis of hot springs waters for H.S, S.0 and polythionic sulfur 


according to Cherbuliez and Herzenstein (1936) 


S20; Polythionic sulfur 
gm/liter gm/liter gm/liter 


0.0109 <0.0002 0 


lovaqule 
lvaneu 0.0054 0.0017 0.0007 (7) 
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for many metallic ions to form soluble complex ions with thiosulfate. Some 
metals capable of forming complex ions with thiosulfate are copper, cadmium, 
zinc, cobalt, nickel, platinum, and silver, Very little is known, however, of the 
stability of such complexes at elevated temperatures and pressures, or of the 
composition of solid phases which may separate from metallic thiosulfate solu- 
tions subjected to changing conditions. 

That alkaline solutions exist at shallow depths in the earth’s crust seems 
probable, Studies of the water from hot springs associated with ore minerals 
ndicate that, although the waters are generally near seven in pH, some waters 
have pH’s as high as nine. For example, at Steamboat Springs, Nevada, Bran- 
nock, Fix, Gianella, and White (1948) found that the pH of the hottest springs 
(presumably those least modified by mixing with ground water) is near nine. 
Che pH of superheated water at Amedee Hot Springs, from which mercury 
sulfide appears to be precipitating at the present time, is slightly greater than 
nine (Dickson, Tunell, Lawrence and Horton, 1957). If, as is commonly be- 
lieved, the alkaline water now flowing out at the surface represents diluted and 
chemically modified hypogene solutions it is reasonable to suppose that at depth 
it somewhat higher temperatures and pressure the solutions were also alkaline. 
Near neutral and alkaline waters encountering elemental sulfur would react to 
form solutions of sulfide ion and thiosulfate ion, or perhaps polysulfide ion and 
thiosulfate ion. 

That sulfide ion is capable of forming complexes with certain ore-forming 
substances such as HgS, Sb.S,, As.S;, and Au,S; has been amply demonstrated 
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are likely carrier solutions of mercury and antimony sulfides, Therefore, min- 
eralogic, petrographic, and laboratory studies support the concept that alkaline 
sulfide solutions are involved in the transport of the components of some of the 
metal sulfides and silica minerals found in epithermal and hot spring deposits. 
Such alkaline sulfide solutions may form by reaction of elemental sulfur with 


slightly alkaline water. 


CONCLUSIONS 


Phe reaction of sulfur with NaOH solutions provides a possible mechanism 
for the production of alkaline Na.S and Na.S.O, solutions in nature under 
shallow earth conditions, by the reaction of alkaline solutions with elemental 
sulfur. Conclusions from hot spring water studies are consistent with the hy- 
pothesis that some hypogene solutions are alkaline, The ore-forming com- 
ponents of metallic sulfides such as HgS and Sb.S, could be dissolved and 


transported in solution as soluble complex ions. Deposition of the metal sulfides 


from solutions would take place in response to variations in, temperature or 


pressure, OF by reaction with ground waters or host rocks. 
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ARGON DIFFUSION IN GLAUCONITE, MICROCLINE, 
SANIDINE, LEUCITE AND PHLOGOPITE* 

J. F. EVERNDEN, G. H. CURTIS, R. W. KISTLER, and J. OBRADOVICH 


Department of Geology, University of California, Berkeley 


ABSTRACT. Data on the diffusion of argon in sanidine, microline, phlogopite, glau- 
conite, and leucite are presented, We conclude from these data that: 
(1) Dynamic lattice changes markedly influence argon loss at the time of the 
change S: 
(2) If argon diffusion takes place under conditions of no lattice changes, all argon 
will be lost at a single activation energy; 
Glauconite and phlogopite have essentially identical diffusion characteristics; 
The parameters of the diffusion equations for both feldspar and mica are only 
explainable on an hypothesis of extreme ordering of the diffusing argon atoms; 
Glauconites (and illites), due to their fine grain-size, are susceptible to high 
argon loss at a temperature of 100° C if that temperature is maintained for a 
few million years, Thus, knowledge of the burial history of a sample is abso- 
lutely essential for each glauconite dated; 
Feldspar diffusion appears to be a complex of lattice and grain-boundary 
diffusion, with the lattice unit having dimensions of 10-30 microns; 
Heating a mica of 1 millimeter thickness to 300° C for a few million years 
should remove all pre-existing argon, thus rendering impossible the dating of 
events prior to the last heating. 


INTRODUCTION 


Few data have been published on the diffusion of rare gases through 
mineral lattices. Work up to 1951 (principally on helium in glass) is discussed 
in Barrer (1951). Gentner and his associates (1954a, 1954b, 1953) investi- 
gated the diffusion of argon and helium in sylvite (reviewed by Curtis and 
Reynolds, 1958), and in 1957 Reynolds made a comparative study of argon 
content and argon diffusion in mica and feldspar. 

The data obtained in the present study are discussed in three parts: 

The form of the diffusion curves, log D vs 1000/T, as related to grain 

characteristics and to changes in lattice structure. 

\ quantitative interpretation of the straight-line portions of the diffusion 

curves in terms of the theory of absolute reaction rates as applied to 

diffusion problems, 

Implications of the log D vs 1000 T curves with respect to the K/A 

dating of particular minerals, 
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SAMPLES AND METHODS 

Samples of glauconite from the Domengine formation of California (~45 

m.y.), of leucite from a flow at “Cava di Lava dell’ Acquacetosa, Italy (~0.8 
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rnden, irt R.W. Kistler. and J, Obradovich Irgon 


m.y.). of microcline from a pegmatite at Bedford, Ontario (~1.000 m.y.). 
sanidine from the B shop luff in Owens Valley, California (~1.0 m.y.), and 
»f phlogopite from a pegmatite at Renfrew, Ontario (~1,000 m.y.), were 
used for the experiments, The glauconite, taken from a well-core at 4,600 feet 
e Standard Oil Company of California, The leucite was 
the aid of A. C, Blane. The microcline and phlog 
lection of the Department of Geology at the 
inid ne-bearing samples were collected by us 
logical Survey. 
nd phlogopite specimens, which were parts o! 
centrated using bromoform and a Frantz 
ith Tyler screens. The microcline was 
single crystal to pass a 200 mesh Tyler 
sized in a Haultain infrasizer and 5 
re used for the run. The mean diamete: 
measuring a number of grains under a 
samples were prepared by splitting a large 
> x 10 em x 16.5 microns, The thick 
sheets and measuring the density, Thess 
ms, one of 5 grams containing approx 
mately 500 squares 15,000 n ( a side and one of 5 grams containin 
pproximately 25.000 squares 2,000 microns on a side 
The experimental procedure w ssentially the same for all but one of 
specimens ic! is oul d for 12-24 hours at 150° C in an evacuated 
nerements of 75° € - 150° € to 
tables for details of heating schedules. ) 
of each temperature increas 
ron released, was collected at the end 
r gases were removed with CuO and Ca 
ps, Whenever possible, runs were conducted 
sample being allowed to cool only during 
e (20 mins. at 650° C) and transfer o 
he sampl i1rougn valve to the urnace (20 mins.). When the exper! 
nents were nite rrupte wevel he system allowed to cool. the valve to 
ne sample Was CLOSE? oO that al 0 rele ased during the shut down period and 
wceeding warm-up ld | ( ted with the next increment. The error 
introduced to any increment very small and is offset by the advantage 
the total sample for comparison later with a duplicate sampl 
lected during a 
The above ( \ iltered for some glauconite, One sample of 
iuconite wa n in the foregoing manner, Another was held at constant 
nperature ir cuo wl its were collected at intervals, Four additional 


] 


samples each weighin pproximately one gram were wrapped individually 


n silver foil and placed in stainless steel bombs. Two of them were subjected 
to pressures of 1,000 p.s.i. of water vapor and heated at 300° C and 500° ¢ 


respe tively for 24 hours The two others were placed undet pressure of 
10,000 p.s.i. HO and heated at 400° C and 600° C respectively for 844 hours 
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The remaining argon was then extracted and purified from each of the samples 
and the amount lost during heating under pressure was computed by subtrac- 
tion from the known total amount of radiogenic argon per gram of sample. 
The specific data obtained from the runs appear in tables. 

Owing to variations in grain-shape and assumed direction of argon 
diffusion, it was necessary to use several mathematical models in the computa- 
tion of diffusion coefficients. In all cases. it was assumed that argon distribu- 
tion was uniform throughout the crystal grains at the beginning of heating 
ind that the external argon pressure was maintained at zero. As the gas was 
heing released into a volume very large relative to grain dimensions and was 

ing continuously adsorbed on activated charcoal. this latter assumption is 
valid 

Phe models become standard diffusion problems with particularly simple 

iitial and boundary conditions. In the cases of leucite and feldspar, we 
issumed radial diffusion in spherical grains, the diameter being the mean of 
that of the size-range used, For biotite, we entertained two possible diffusion 
models, Where diffusion was assumed to be parallel to cleavage, the mathe- 
natical model used was radial diffusion in a very long cylinder, Where 
diffusion was assumed to be perpendicular to cleavage, the mathematical 
model used was diffusion in a plane sheet. The formulas appropriate to the 
solution of all of these problems are given in detail by Crank (1900), The 
formulas and graphs there given are expressed in terms of fraction of total 
liffusing material lost as a function of diffusion coefficient (D) and time (t). 
ippear only as their product, so fraction lost (f) is really expressed 
i function of the single variable (Dt). As an example of the computation 
procedure, consider the formula (6.22) (Crank, 1900, p. 87) for small losses 
from spherical grains, and consider that n increments of argon are obtained 
within the range of argon loss for which this formula is valid, If subscripts 
ndicate the » sequence of obtained increments, 
retaining only the first term for illustrative purposes) 
Solve for D, with f, and t,; known 
D.t. ) * 
Solve for D. with f,, f., D,. t;, and te known, 


Solve for D, with Xf. and t, known. 


When the losses become such that this particular formula is no longer valid, 
the same approach can be used when using graphs such as figure 6.4, page 90. 
The fraction of argon lost at a given value of (Dt) is only determined after 


total release of argon from the sample. 


DISCUSSION 
The form of the log D vs 1000/T°K curves as related to grain characteristics 
and changes in lattice structure-—One of the principal conclusions of this 
tudy is that the exact form of curved parts of the plots of log;, D vs 1000/T°K 
s a function of the changes in the crystal lattice induced by the varying 


physical conditions during heating. The rates of lattice changes are, in part, 
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functions of rate of heating; therefore, the heating schedule itself controls the 
form of the diffusion curve within the range of temperatures encompassing 
the lattice change, Straight-line portions of the curves, however, imply no 
lattice changes, and different heating schedules probably have little or no 
effect upon these portions of the curves. Because loss of hydroxyl water from 
certain minerals such as the clays and micas constitutes a major lattice change, 
changes in HO pressure can also effect the shape of diffusion curves obtained 
for particular heating schedules, Hydroxyl loss, once initiated, is itself a tem- 
perature-dependent diffusion process, 


indicated diffusion coefficients versus |,000/yo, 
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Fig, 2. Argon diffusion in glauconite (K A-153). 
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the diffusion coefficients are significantly less than those obtained for the 
clauconite heated in vacuo, Thus, it is clear that when glauconite is heated 
under conditions barring hydroxyl loss, the diffusion coefficients follow closely 
an exp(—a/T) law, implying stability of lattice and a necessarily greater 
energizing of argon atoms by heating for a given diffusion rate. It will be 
noted also that there is no tendency for the slope of the log D vs 1000/T 
curve to decrease at high temperatures or at high argon loss, again illustrating 
that the abnormal behaviour of the diffusion curve obtained in vacuo is a 
function of lattice changes independent of argon diffusion, 

Although the samples of glauconite are in the form of pellets, a thin- 
section of the pellets mounted in canada balsam shows that they are not single 
crystals but aggregates of very small crystals. It was not possible to measure 
directly the size of the crystals in these aggregates, but an estimate of their 
size was obtained by comparing their water-loss and argon-loss curves with 
those of Fithian illite, of which Grim (1953) has measured the size with an 
electron microscope, The two sets of curves are so similar, and the crystal 
lattices are so similar, there can be little doubt that the true sizes of the indi- 
vidual crystals are approximately the same and that the diffusion unit is 
the crystal grain, not the pellet of glauconite, Comparison of the glauconite 
ind phlogopite data brings out the significant point that the activation energy 
for argon diffusion in glauconite under conditions of no water-loss is identical 
to that for phlogopite under similar conditions. The Do value is probably 
similar but as the exact dimensions of the glauconite grains are not known, 
this cannot be confirmed, The dimensions used for glauconite, 1 micron wide 
ind 0.1 micron thick, are probably within an order of magnitude of the 
orrect value 

Further evidence of the relation between crystal change and accelerated 
argon loss is afforded by data from leucite (table 4). Almost complete elimina- 
tion of radiogenic argon was achieved at 550° C in one to two days, a remark- 
ibly short time. The data indicate that D, 7.47 X 10" while D 
10°°, Interpretations of these data on the basis of the formula D 

I) vields an | 14.200 cal mole and D 330 cm*/sec 

ites a Dove of cm*/sec, All of our other results suggest that 


are meaningless in terms of argon diffusion in a static leucite 


\s is well known, however, the temperature range in which these data 


» obtained is the range in which leucite undergoes a second-order A transi- 
tion from a pseudoisometric structure to a true isometric habit. Figure 4 
hows the character of this transformation with the change taking place over 
the temperature range 300° C 603° C, Figure 4 indicates that electrical 
conductance behaves similarly to argon diffusion, indicating an increased 
ease of mass transport through the lattice during the period of recrystallization. 

The form of the diffusion curve obtained for microcline from Bedford, 
Ontario, is now readily explained (see table 1 and fig. 5), This is pegmatitic 
feldspar containing 11.0 percent potassium and 1.6 percent sodium, We can 
reasonably expect it to be an intergrowth of two alkali feldspars and to have 
low-temperature triclinic crystal habit. The transformation from a two-feldspar 
intergrowth to a single homogeneous feldspar is a function of sodium content, 
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and in a highly potassic feldspar th equilibrium temperature is 400 — 500° C 
(Smith and Mackenzie. 1958). This is a sluggish reaction, however, and in 
order for it to go to completion in a short time, the temperature must be 
taken well above the equilibrium temperature. A second transformation, tri- 
clinic-to-monoclinic, is initiated above 1,000° C. The Bishop Tuff sanidine, 
used for the other feldspar diffusion runs, is a high-temperature feldspar of 
monoclinic crystal habit and homogeneous one-feldspar characteristics. Thus, 
if the argon diffusior irves are influenced by lattice changes, we should 
expect the microcline curve to show inomalous features that can be correlated 


with the two possible lattice adjustments, and we should expect the sanidine 
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diffusion curve to show no such features. The data confirm this expectation 
(fig. 5). The microcline curve shows an abnormal rate of rise above 450° C, 
flattens, and indicates decreased values of D in the range 690° — 850° C, It 
then rises on a slope about equal to the low-temperature portion of the curve 
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potential energy barrier (movement through the octahedral layer) to another 
position of low potential energy in another potassium-type site. The pertinent 
diffusion equation is then D D,) exp(—E/RT) where Do 10° cm?/sec 
ind E 28,000 cal/mole. The diffusion coefficient will be of the general form 


ko whe re 


distance between positions of low potential energy 10 A®° in mica 


specific reaction rate (see below ) 
probability that there will be two lattice holes in series (octahedral 


ind potassium layers). A consideration of this problem suggests a 
value between 1/10 and 1/100, We shall use 1/30, 
We shall consider Eyring’s transmission coefficient as equal to 1. The specific 


eaction rate may be written as 


| 
"iii (Eyring, et al., 1941, p, 188) (A) 


27m 4 
the complete partition function for the activated state 
the complete partition function for the inactivated state 
Boltzman’s constant 138 X 107° erg/deg 
temperature in degrees Kelvin 
effective mass of an argon atom in the direction of diffusion 
1.66 10°* gram 
width of the top of the potential energy surface, assumed here to 
to be of the order of 1 A® or 10°° cm. 
difference between the zero-level energy per mole of the activated 
ttoms and the inactivated atoms, 


the gas constant 1.986 cal,, dez/mole 


K 1 
27m 
Fi 
K exp(—AFZ/RT) (op. cit., p. 195) 
| 
exp 1—E..,»/RT) exp R) (op. cit.. p. 199) 
equilibrium constant for diffusion system 
\l standard free energy change of activation, the quantity deter- 
mining the rate of diffusion 
“experimental activation energy”, i.e., the value obtained from 
the slope of the log D vs 1000 7: plot 
| E.—Nh/21 E, for an argon atom 
AS} entropy of activation 


msider D in the form 
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i.e., the partition function of this state is described by terms for three degrees 
of translational freedom where v volume available to an isolated argon 
atom in the inactive state. this volume being estimated as 40 X 10°** cm’. 


(27m* KT)” 
h 


i.e., the partition function of this state is described by a term for one degree 


(ii) in the activated state, Fi’ 


of translational freedom. Thus, we are hypothesizing that an argon atom in the 
activated state is so constrained that it has freedom of movement only in the 
direction of diffusion, 
If we set A LOA cm, 1/30, then D 

h?y 

(27m* )*/2(KT) 3 
6 X 10cm? /sec, a D, value nearly equal to that actually observed, A hy- 
pothesis of such high ordering of the argon atoms in the activated state must 
imply a large negative entropy. Using the thermodynamic form of the diffu- 


sion equation, such a negative value is obtained. 


| 1+ ASt/R K1 
6 X 10 10 
h 


AS 22 cal. 
AF} AHT TAST 16,000 mole 
The D, and E,, E., values for the microcline diffusion are 
D 5.3 10° cm?/sec 
23.000 cal 
If we apply the same analysis to the microcline as was applied to the phlogo- 
pite, we must use \ 60 X 10°°* A 1/6, and it is 
apparent that we must again assume essentially total loss of two degrees of 
freedom in the activated state in order to explain the observed value of D,. 
Making this assumption, we obtain AS? 27 cal, AFT 45.700 cal/mole. 
It is obvious that the diffusion coefficients presented for feldspar in no 
way explain the general observation that feldspar crystals are unsatisfactory 
for K A age-dating purposes because of incomplete retention of radiogenic 
argon, Discussion of this important point occurs in the following section of 
this paper 
It is significant that the observed values of D, for the diffusion of helium 
in silica glass are in the range 10° (D 10° exp(—10100/RT) ), Analysis 
along the lines outlined above (using m* mass of helium atom, and T 
900° K) suggests either that o 1,900. which seems doubtful, or that the 
extreme ordering displayed in argon diffusion is not quite achieved in the 
diffusion of helium in silica glass. The implied values of ASE and AFE for 
helium diffusion in glass are 


10 so ASE 20 cal 


1+ ASt/R KT 
h 


AFi 26.000 cal mole. 


0) 
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Implications of the log s 1000/T curves with respect to the K/A dating 
of particular minerals le proce of diffusion discussed have an im- 
portant bearing both on tl pplication of the K/A method to geologi prob- 
lems and on the technique itself 


First, what is the probable form of the log D vs 1000/T curves at tem- 


peratures below those reached by our experiments and above 0° C? In the 


case of the glauconite-phlogopite curve, it seems certain that straight-line 
extrapolation of the low-temperature portion of the curve of figure 6 yields 
nearly the correct values of D for these materials. The independence of the 
experimentally determined values of D of grain size and the dependence of D 
upon water-loss suggest that there is no causative phenomenon which would 
lead to argon loss at rates greater than those obtained by the extrapolation 
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shown on figure 6. Further, data obtained from glauconite suggest that values 
of D as low as those indicated by the straight-line extrapolation are required 
to explain the observed retentivity of glauconite, For example, a determined 
age of 490 m.y. for a shallowly buried lower Middle Cambrian glauconite 
suggests an argon retentivity of at least 90 per cent for the glauconite. Such 
retentivity requires that D 10°°° cm*/sec. If the retentivity were greater, 
even smaller values of D would be required. 

In the case of potassium feldspar, the situation is grossly different. There 
seems to be an obvious correlation between grain size of sample and deter- 
mined value of D. Figure 8 is a composite plot of all available log D vs 1000/T 
data against respective grain diameters. (We note here that in Reynolds’ 
paper (1957), the lowest point on the feldspar curve, fig. 2, p. 182, was mis- 
plotted.) A detailed evaluation of these data is not possible as we do not have 
suflicient correlative data on size distribution in each of the samples; however, 
we interpret the apparent decrease of diffusion coefficient with decreasing 
grain size to mean that the significant dimension for lattice diffusion in feld- 
spar is at least as small as the finest material used and is probably in the 
range of 10-30 microns, The high per cent losses observed in coarse-grained 
material are thus due to grain-boundary diffusion taking place in a matrix 
of sub-units of these dimensions composing the coarser grains. The D value 
of this grain-boundary diffusion is uncertain, but the spacing of the lines on 
figure 8 suggest that it is high, For coarse grains, then, a plot of log D vs 
1000/T should show a definite knee in the curve at some temperature below 
that reached in our experiments, 

To illustrate the above hypothesis let us assume the significant diffusion 
diameter of feldspar sub-units to be 35 microns, the diffusion value to be 
10°** em*/sec (sample at 55°- 60° C or equivalent to 2500-3000 feet depth 
and using straight-line extrapolation of data for 35 micron diameter micro- 
cline), and the grain boundary diffusion coefficient to be essentially infinite. 
Such material will lose one-third of its argon in 10° years. 

Extrapolated low-temperature values of D of figure 2 show that the con- 
ditions for argon retentivity in glauconite are limited. This is due to the 
extremely fine size of the individual grains composing glauconite pellets. 
Computations based upon the curve of figure 2 indicate that for glauconite 
grains 0.1 micron thick, the fraction of argon lost in 10 m.y, will be 0.004 
at 20° C, 0.04 at 50° C, and 0.4 at 100° C. Such temperatures occur at depths 
of several thousand feet, and the implication is strong that deeply buried 
‘rlauconite will be useless for K/A age-determinations, Support for this con- 
clusion is provided by a set of samples taken from the same stratigraphic 
horizon, but from different depths, in the San Joaquin Valley, California. The 
sample localities are listed in table 5, The depths listed are the present depths 
of the bed at the sample localities. As the San Joaquin Valley has been sub- 
siding since sometime in the Cretaceous, it is reasonably sure that the present 
order of depth of these samples is also the order of maximum depth reached 


by these samples. The period of time that each sample remained at a partic- 


ular depth is uncertain, and no attempt has been made to reconstruct the 
burial history of each sample. The correlation of core-depth and indicated 
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ige confirms nicely the general prediction of the diffusion data, It is thus 


lear that the buria 


| history of glauconite samples must be evaluated accurate- 


ly to obtain meaningful K, A dates 


For phlogopite, we again inspect the predictions of the extrapolated dif- 


a grains to be one millimeter thick, the relation 

between fraction lost (f) and temperature maintained for 100,000 years is as 

follows: 1 20° C, ix 10°; T 4 | 95” C, 


fusion curve. Assumir the mic 


7 fraction lost is directly proportional to the square 
of the time and of the diffusion 


coeficient and inversely proportional to 
ie significant diffusion dimension 


is apparent iat the conditions mposed upon phlogopite (mica in 


order greater than 95 per cent for LO” 


ears are severe, Fo it would seem that regional metamorphism of 
ymparatively low gra 5 ( should destroy the possibility of dating 


events prior to metamorphisn The tabulation above does suggest that im- 


portant data on temperatures of magmatic intrusions might be obtained by 
ountry rock, where the mica pre-dates the 


trusi¢ The calculation f Jaeger (1957) suggest that such sampling will 


detailed sampling of mica-beat 


ndreds and even tens of feet of such contacts, since 


the country rocks are maintained for such short 


Regardi: these diffusion data for experimental pro- 
edure, ficance. First, definite limitations are put 


ipon the bake-out tet t for 
iddress published 1! th oceedin 


The senior author stated in an 


the Geological Society of London 
Evernden, 1959) results indicated no loss of radiogenic argon from 
lauconite heated ir iwcuo at 200° C for 12 hours, This statement is in error 


wing to a miscalculatior here was marked loss at 200° C. but 
detected at 150° ¢ e nov mit 


none Was 


our bake-out temperature to 100° C and 


recept the strong inc! itmospheric argon contamination 


Secondly. irk on sanidine was initially stimulated by a 
desire to learn between loss of radiogenic argon and of at- 
mosphe ric arg the isotopic Composition of the “atmos 
pheri argon” t I be pub d show that the 40 36 ratio in the low 
temperature cuts der il to it of atmospheric argon and that the atmos 
pheric argon part. more easily eliminated from a sample than is 
radiogenic arg data indicate that “atmospheric argon is 
itmospheric arg from the atmosphere adsorbed on and dif- 
fusing into the near-surface environment of the Earth, The 
environment betore e sample determines the degree of elimina 
atmosphe ric in he achieved by heating without serious loss 

radiogs nic sample ol sanidine obt iined from a fresh un 
weathered glass matrix \ were able to reduce the atmosphe ric argon content 
to 0.4 X 10 moles pet 


thout affec ting the radiogenic argon by more 
than 3-5 percent 


limes 
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Argon diffusion in feldspar 


sample 
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3 
Argon diffusion in glauconite 


A,,* D(cm?/sec) 
noles moles % lemp. Time [ PERP ] 


ocedure: successive cuts on sample heated in vacuo 


150° 6 hr 
200 6 6.410 
OO 6 1.3107 


39.9 100 6 8.1107 
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100 (20 6 


1000 psi; remaining argon extracted & measured 
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300°C/1000 remaining argon extracted & measured 


96.9* 300 24 
400°C/10,000 psi; remaining argon extracted & measured 
96,2* 100 814 9.6 


600°C/10,000 psi; remaining argon extracted & measured 


600 


‘tained after treatment specified, The three KA 153 runs listed 


ibration for original argon content of each sample above. 


irgon lost during treatment specified (i.e., for run 153-5-1, frac- 


TABLE 4 
Argon diffusion in leucite 


successive cuts on sample heated in vacuo 
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SALT- AND FRESH WATER RELATIONSHIPS 
IN TWO TERMINAL STREAM BARS 


JAMES P. HEATH 


Department of Biology. San Jose State College, San Jose, California 


ABSTRACI lt water even more concentrated than seawater was found in the terminal 


of two ¢ ornia streams. There was evidence of movement of the fresh water be- 


INTRODUCTION 


The subsurface relationships of fresh and salt waters have been con- 

sidered in the past primarily from the standpoint of invasion by the salt and 
enerally on a very large s¢ ale. kor example. the recent work of Perlmutter, 

Geraghty and Upson (1959) deals with an area of about 200 square miles. 
lhe theory of the relationships was dealt with extensively by Hubbert (1940). 

Phe present study was an outgrowth of biological problems involving the 
movement of fresh water through the terminal bars of two local streams. The 
results were so in contrast with expectation that the study was pursued to pro- 
vide the additional geological data. 

The sand bars are located at the terminal of Waddell Creek, Santa Cruz 
County, California (lat. 37° 6’ N, long. 122° 17’ W) and of Scott Creek about 
five miles southeast, These are fluctuating streams in which the summer flow 

rreatly reduced (Waddell) or may even cease (Scott), During times of 
moderate flow, a barrier of sand closes off a lagoon, and surface flow to the 
i is lacking. It was in bars of this status that all samples were taken. 


METHODS 


Karly samples were taken at the water table by simply digging a pit to 


he necessary depth Samples were analyzed fon specific gravity with a 


Westphal balance but the confusing results suggested a need for greater ac- 


curacy. These samples and all later ones were then titrated with silver nitrate 
ind the conversion to salinity made according to the formula of Lyman and 
Fleming (1940). Later samples were also obtained by the use of an auger 
welded to the end of a pipe which had about six inches of perforated surface 
just above the weld, This was used to get one sample from beneath the water 
table (table 1) but the resistance to turning in the fine sands of Waddell bar 
prevented the taking of more significant samples of this type, Stations were 
established at various distances from the lagoon, The last station of each series 
was located at the upper limit of the wave wash. The low tide existing at the 
time of each survey was a moderate one, but was suflicient to expose the area 
of constant drainage from the sand; that is, the area of seepage. 

Che early study was made in November, 1958 when both streams were 
holding full lagoons but with the bars intact. The later study of Waddell Creek 
was done in July, 1959. This was a very dry year and a time of greatly reduced 
flow. In fact, Scott Creek had completely ceased all flow at this time. 
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interpretatio f th sults of these studies, two items should be 

considered: first, the sand of the bar at Waddell Creek is very fine while that 

of Scott Creek is quite coarse, and second, waves at some high tides break ovet 
the bar and carry some salt water it he lagoon of both streams. 

The most striking find of 1958 was that in the mid-bar areas the salinity 

at the surface of the water table was greater than that of the sea, Furthermore, 


this salinity increased w distance from the lagoon. At Waddell Creek, 90 


feet from the lagoon. sal iched 37.98 while sea water was but 35.82% ¢. 


Since seepage areas 0 ird side ol the har showed outflow of reduced 


salinity (26.39° it Waddell). the layer of concentrated salt water must re 


main virtually uninfluenced by d r flow. Scott Creek bar, even with the 


- 


coarser sands, also provid ! tion (35.77%c) greater than sea water 
(35.60%oe). 

[he second iten I nificance that, in spite of the evident lack of 
movement of the surface water of the water table relative to the waters lh: 
neath, there is an overall movement of considerable extent, In fact, at Scott 
Creek it was sufficient actually to reduce the salinity of the sea itself, Waves 
at the bar showed a salinity of 33.07%o while waves sampled upwind (up- 


current) showed 35.60 salinity 


Salinities per mil 


REERK, July 


CONCLUSIONS 


[here appear to be ons to be drawn from these cases: 1) that 


mall passages ( ossible for the normal density relationships t 
be inverted and to remal I tate tor some time, and 2) that moveme1 
deeper n a water table may I » influence on the movement of wate: 


urface of that 


it 
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It seems probable that the concentration of the water in the bar is an 
evaporative effect but the rate does not appear likely to be high, At the point of 
ereatest concentration at Scott Creek, the water table was nearly six feet be- 
low the surface of the bar. This means that the concentrated water must be 
practically stationary. 


One has little basis for applying these conclusions on a larger scale, How- 


ever. it does seem that the theoretical relationships of salt and fresh water may 


he controverted by the fact that one is not dealing with water masses but rather 
with minute units in the interstices of the Earth. If this be so, limitation of 
fluctuation of water levels may be more significant in the control of salt water 
invasion than the mere height of the water table. 
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REVIEWS 


The Vorpholog) and Anatomy of American Species of the Genus 
Psaronius; by JEANNE Morcan. P. 108. Urbana. 1959 (University of Illinois 
Press, Illinois Biological Monographs No ze. paperbound, $3.00: clothbound, 
$4.00 The ippearance this m mograph of the Paleozoic arborescent fern 
genus Psaronius in the Western Hem sphere fulfills a longstanding need for 
such a comprehensive study A] Ol i this hook Is based on extensive Ameri- 
can collections, the morphological conclusions are valid for the genus as a 
whole. Credible answers to some perplexing morphological problems have been 
presented in this well illustrat monograph. Of interest to all should be the 
impressive frontispiece, which represents a reconstruction of a Psaronius tree, 


one of the conspicuo me! f late Paleozoic lands apes. 


THEODORE DELEVORYAS 


Principles of Pa 2nd ed.: by Witniram C. Darran. P. 295: 63 
fies. New York. 196 I ) d Press ( ompany, $6.50) There is a notice 


able improvement 1 second edition, over the first appearance of 
Principles of Paleobotany 939. In the preface, Professor Darrah indicates 
that “the book is intended a text in one-semester and one-quarter undet 
eraduate and graduate co botany, plant evolution, and phylogeny, 
and is supplement il ail In pl int morphology 

It is possible to organiz leobotar text in one of various wavs, de- 
pend ng upon the ide I book ha ntroductory chapters on principle s. 
aims, and techniques, followed by lapters on the various groups of fossil 
plants. Such a presentation pro ly the best for the botanical reader. The 
geologist is also accommo \ terspersed chapters on floras of the Car- 
boniferous, Mesozo pel re nus. and Cenozoic. 

The book is ympact o d gives a creditable summary of paleo 
botanical findings nere are n fortunate shortcomings, however, which 
greatly restrict its u ind a racy 

First of all, for st exposure to paleobotany, it lacks sufficient illustra- 

material to clarify ed riptions, In fact, many of the descriptions are 

e that a non-sp \ d have no idea of the concepts which the 
author wishes to portr irthermore. the quality of illustrations is not con 
sistent. Many are expertly don » others look crude and hurriedly exe 
cuted 

A second, and ni rio ortcoming, is the fact that there are 
very few references to \ dor n 1950 or after. Paleobotany has made 
great strides since 1950, and | ior, in spite of his intended emphasis on 
“classic” papers, would that nothing since 1950 is of any great sig 
nificance. 

In spite of this re\ reservations, it must be admitted that the book 
serves a purpose. It is a co > guide to many of the fossil groups for students 
wishing to know something of fossil plants other than what is included in texts 


on historical reology o1 ner botany 
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